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INTRODUCTION 


Several  recent  studies  have  indicated  that,  for  a  significant  class 
of  preattack  scenarios,  effective  shelter  programs  are  feasible  within  bud¬ 
get  levels  which  are  plausible  under  plausible  circumstances  such  as  a  re¬ 
newal  of  extreme  cold  war  tension.  Much  of  the  remaining  controversy  over 
the  utility  of  civil  defense  centers  on  the  question  of  postattack  recup¬ 
eration.  There  has  been  a  fair  amount  of  speculation  on  environmental 
problems  in  particular,  largely  because  the  uncertainties  in  this  area 
seem  to  be  large  or  even  unlimited. 

!t  is  fair  to  say  that  the  general  tenor  of  most  of  this  speculation 
has  been  gloomy.  In  fact,  among  the  writings  of  scientists  with  pronounced 
unilateralist  or  "anti-nuclear"  sentiments,  it  is  hard  to  find  any  state¬ 
ment  about  environmental  problems  which  does  not  hint  strongly  at,  or  pre¬ 
dict  outright,  an  extreme  disaster.  Even  analysts  who  have  spent  some  time 
thinking  about  the  problems  fairly  unemotionally,  and  who  have  had  to  temper 
their  statements  to  satis.*'  a  more  critical  audience,  have  been  willing  to 
entertain  surprisingly  catastrophic  notions.  The  point  is  worth  making,  be¬ 
cause  it  explains  why  it  has  seemed  worthwhile  to  us  to  devote  a  section  of 
this  study  (Volume  II)  to  putting  the  problem  into  perspective  b*  postulating, 
and  analyzing,  extreme  cases.  The  following  three  quotations  iron u  highly  re¬ 
spectable  sources  should  be  sufficient  to  justify  this  assertion. 

1.  "Therefore,  depending  on  the  geographical  distribution,  habits 

and  sensitivity  to  radiation  of  various  species,  the  various  species, 
the  various  forms  of  life  may  survive  the  period  of  high  radiation 
levels  in  drastically  different  proportions.  And  once  the  ecological 
balance  is  seriously  disturbed,  it  is  conceivable  that  the  'ecosystem1 
of  the  continent  may  exhibit  a  dynamics  of  its  own  that  will  carry  it 
ever,  further  from  the  (proximate)  prewar  equilibrium.  Some  species, 
no  longer  controlled  by  their  natural  enemies,  may  multiply  enormously; 
others,  deprived  of  their  normal  sources  of  food  or  otherwise  affected 
by  the  total  change  in  the  system,  may  disappear.  Assuming  that  a 
rough  equ i 1 i br ium  would  eventually  be  re-established,  there  is  no 
obvious  reason  to  believe  that  it  would  closely  resemble  the  prewar 
equ i 1 i br ium. " 

S.  Winter,  "Economic  Viability  after  Thermonuclear 
War;  The  l.imits  of  Feasible  Production,"  RAND 
RM-3436-PR,  pp.  135-136. 


2.  "Nuclear  war  might  conceivably  lead  to  complete  sterilization  of 
life  in  a  particular  area  because  of  fire  and  radioactivity.  Or  there 
could  be  a  selective  removal  of  one  or  more  essential  biotic  elements, 
which  could  have  significant  sequential  effects  (e.g.,  removal  of 
higher  plants  leading  to  floods  and  erosion  and  followed  by  decreased 
agricultural  output  later). 

...For  instance,  if  two  forms  of  life  were  in  balance,  if  one  was  a 
predator  on  the  other,  and  if  you  find  that  the  predator  was  very 
radiosensitive,  you  might  kill  that  or.e  and  then  the  other  organism 
wou Id  flourish." 

Civil  Defense  Hearings  1961,  Subcommittee  of  Com.  on 

Govt.  Operations,  House,  August  1961.  Quote:  H.h. 

M i tche II,  pp.  331 ”332 . 
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3.  "The  other 
ture.  Fallout 
plants  are  the 
as  locusts,  or 
greatly  reduce 


point  of  fallout  Is  simply  this:  The  effects  on  na- 
would  produce  large  numbers  of  sick  plants.  Sick 
ideal  breeding  ground  for  herbivorous  insects,  such 
many  other  types.  In  addition  to  this,  fallout  would 
the  vertebrate  predators  such  as  the  skunks  and  birds 
and  so  forth,  which  help  keep  the  insect  populations  in  check.  It 
is  not  possible  to  predict  which  insects,  although  you  can  indicate 
some  likely  candidates.  But  if  you  go  down  the  list  of  the  problems 
we  have  now  with  insects  and  compare  many  of  the  little  known  ones 
which  are  potential  problems,  one  can  envision  an  assault  on  the 
plant  cover  which  would  make  the  locust  plagues  of  Biblical  times 
look  like  tea  parties." 


Civil  Defense  Hearings  1961.  Subcommittee  on  Armed 
Services,  House,  June-July  1963.  Quote:  T.  Stonier, 
p.  4938. 


In  addition  to  the  vague  but  apocalyptic  suggestion  that  the  "balance 
of  nature"  might  be  irretrievably  upset,  there  has  also  been  conjecture 
about  the  possibility  a!  widepsread,  uncheckable  fires,  catastrophic  ero- 
sion  and  flooding,  climatic  change,  and  widespread  epidemics. 


We  shall,  in  tni  present  study,  consider  these  possibilities  seriously 
and  examine  the  arguments  pro  and  con  as  well  as  we  can  within  the  con¬ 
straints  imposed  by  lack  of  data  and/or  theory  in  certain  areas.  However, 
it  is  not  altogether  out  of  place  to  look  also  at  some  of  the  reasons  why 
writers  discussing  hypothetical  hazards  often  tend,  at  first,  to  exaggerate 
their  seriousness.* 


*As  an  example  of  such  bias,  it  may  be  of  interest  to  recall  a  calcu¬ 
lation  cited  in  The  Nev<  York  Times  (Sept.  19,  1946)  which  baldly  stated 
that  a  single  ounce  of  pure  botuiinus  toxin  would  be  "sufficient  to  kill 
every  person  in  the  U.S.  and  Canada."  This  story  with  its  threatening  im¬ 
plications  for  biological  warfare  received  tremendous  publicity;  but  the 
various  caveats  and  uncertainties  did  not.  Among  the  latter: 

1.  The  estimated  lethal  dose  was  based  on  experiments  with  laboratory 
mice;  i  v  v>  assumed  that  the  lethal  dose  for  humans  would  be 
simply  scaled  up  in  proportion  to  weight.  There  is  no  direct  evi¬ 
dence  to  date  of  the  actual  lethal  dose  for  humans. 

2.  The  experimental  poison  was  injected  Intraper i toneal ly  by  syringe, 
the  body's  protective  walls  (skin  and/or  stomach  lining)  being  by¬ 
passed.  The  protection  afforded  by  these  barriers  is  known  to  be 
very  important,  but  not  precisely  or  quantitatively  enough  to  take 
into  account  in  a  calculation.  Hence  it  was  ignored.  This  method 
of  innoculation  is  irrelevant  to  biological  warfare. 

3.  Equal  measured  doses  were  assumed,  with  100%  efficient  distribu¬ 
tion  to  the  entire  huniun  population  and  no  duplication  or  wastage. 

Obviously  any  realistic  method  of  dispersing  this  amount  of  poison 
would  produce  far  fewer  casualties.  But  only  a  sophisticated  and  critical 
reader  would  immediately  realize  that  various  caveats,  especially  the  third, 
make  the  entire  calculation  absolutely  meaningless  as  regards  any  implica¬ 
tions  for  biological  warfare.  In  fact,  an  ounce  of  botuiinus  scattered  to 
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To  begin  with,  a  journalist  Is  more  likely  to  get  attention  with  a 
scaie  story  than  with  a  balanced,  disciplined  presentation  of  all  the  com" 
plexities  and  uncertainties.  Even  if  the  writer  is  a  competent  profes- 
sional,  not  influenced  by  such  motives,  he  may  be  tempted  to  concentrate 
his  attention  on  the  worst  possible  cases  for  "political"  reasons — as,  for 
example,  to  influence  public  opinion  in  favor  of  accommodation  and  against 
rigidity  or  bellicosity  in  international  affairs.  Many  scientists  (and 
others)  believe  deeply  that  war  is  less  likely  if  people  remain  convinced 
that  war  means  near  annihilation,  than  if  there  is  some  reasonable  hope  of 
survival  From  this  emotional  assumption  it  follows  that  any  reduction  of 
the  starkness  of  the  threat  increases  the  probability  of  war--and  there* 
fore  seems  to  some  almost  like  treason  against  humanity.  This  questionable 
view  is  sufficiently  widespread  in  the  modern  world  to  command  attention. 

However,  even  if  the  motives  for  investigation  are  scientifically 
"pure,"  i.e.,  to  search  for  abstract  truth  regardless  of  practical  or  po¬ 
litical  implications,  there  is  another  pitfall:  Scientists  have  an  under¬ 
standable  propensity  to  concentrate  or  problems  which  they  have  the  tech¬ 
nical  equipment  to  solve.  Sirce  "real  world"  problems  are  seldom  soluble 
as  such,  they  must  be  simplified  bv  means  of  artificial  assumptions.  In 
the  passionless  search  for  know ledge- for- i ts-own-sake,  there  is  nothing 
unreasonable  about  this  procedure.  The  analyst  solves  his  simplified 
"model"  problem  and  then  begins  the  '•e-  ious  process  of  making  corrections 
for  factors  whicli  weie,  at  first,  ignoied.  After  a  while  (if  he  is  lucky) 
he  can  see  the  trend  of  the  successive  corrections,  both  in  direction  and 
magnitude,  an:*  can  perhaps  say  something  worthwhile  about  the  real  problem. 
If  not,  the  simplified  model  has  its  own  intrinsic  interest  and  the  analy¬ 
sis  will  be  available  as  a  starting  point  for  other  researchers. 

When  this  procedure  Is  applied  to  problems  as  complex  as  the  effects 
of  nuclear  warfare  jn  the  environment,  however,  things  tend  to  go  awry. 

In  the  first  place,  the  "soluble"  models  require  exceptionally  drastic 
simplifying  assumptions.  It  is  correspondingly  more  difficult  to  correct 
for  factors  which  were  left  out,  and  although  the  direction  of  any  partic¬ 
ular  correction  is  usually  clear,  its  magnitude  often  is  not;  the  sum  of 
several  corrections  may  even  leave  us  in  doubt  as  to  over-all  direction. 

The  analyst'of ten  drops  the  problem  at  this  point,  i.e.,  with  a  quantita¬ 
tive  calculation  based  on  a  totally  unrealistic  model,  and  a  series  of 
reasonably  careful  but  non-quant i tati ve  caveats  pointing  out  where  the 
model  departs  from  reality,  but  not  by  how  much.  Even  a  sophisticated 
audience  is  likely  to  be  mi s led  unless  it  is  also  disposed  to  be  par¬ 
ticularly  skeptical  (or  hostile). 

A  significant  point  which  should  be  better  appreciated  is  that  in 
the  above  and  many  similar  cases  the  analyst  tends  to  make  a  facile 


(footnote  continued)  the  winds  or  dropped  into  a  lake  might  produce  no 
casualties  at  ail,  or  10,  1,000  or  100,000.  We  are  inclined  to  suspect 
the  latter  figure  as  being  toe  high  for  any  plausible  scenario,  but  this 
is  still  more  than  three  orders  of  magnitude  below  the  limit  which  was 
quoted  in  the  newspaper  article. 
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presumption  that  the  calculated  max imum  value  for  some  variable  (e.g., 
casualties)  will  normally  be  of  the  same  order  of  magnitude  as  the  a;- 
tual  expected  value  (which  cannot  be  calculated  directly).  This  is  an 
invalid  inference.  It  would  be  easier  to  guard  against  misleading,  and 
be  better  from  the  viewpoint  of  integrity,  objectivity  and  informative¬ 
ness,  if  analysts  made  a  regular  practice  of  stating  the  other  extreme 
case  also,  i.e.,  the  mini mum  value.  In  the  example  quoted  in  the  foot¬ 
note,  the  lower  limit  on  the  number  of  casualties  which  could  be  produced 
by  an  ounce  of  botulinus  toxin  is  zero,  hence  the  range  of  possibilities 
is  0  to  2  x  10°.  Unfortunately  the  lower  limit  is  logically  trivial,  and 
the  revised  statement  as  a  whole  loses  much  of  its  interest.  Moreover, 
it  would  be  pedantic  to  invariably  include  lower  limits  where  they  are, 
as  in  this  case,  trivial.  Seme  critical  sophistication  is,  therefore, 
demanded  of  the  reader,  if  he  is  to  be  spared  an  endless  repetition  of 
such  caveats. 

There  is,  of  course,  no  reason  why  the  expected  number  of  casualties 
due  to  the  dispers-ion  of  botulinus  toxin  should  be  near  either  extreme. 
Hence  a  calculation  of  the  upper  limit  is  interesting  only  if  (a)  one 
wishes  to  compare  the  lethal  effectiveness  of  botulinus  toxin  with  that 
of  other  poisons  with  which  one  has  more  experience  on  an  "other  things 
being  equal"  basis  or  (b)  if  the  absolute  upper  limit  is  a  conservative 
estimate  from  some  pertinent  point  of  view.  It  would  be  conservative, 
for  instance,  if  one  could  argue  that  even  if  the  absolute  upper  limit 
were  achieved,  the  result  (i.e.,  number  of  casualties)  would  be  negli¬ 
gible  in  a  certain  context. 

Returning  to  the  subject  of  the  present  study,  it  seems  clear  that 
much  of  the  gloom  about  environmental  effects  is  attributable  to  the  fact 
that  the  absolute  upper  limit  is  often  easy  to  ca 1 cu le te-- in  fact,  trivial, 
in  the  foregoing  sense — i.e.,  infinity.  Thus  fires  may  conceivably  de¬ 
stroy  everything,  epidemics  may  spread  everywhere  and  kill  everyone,  the 
economic  system  may  break  down  totally.  But  the  expected  vqlue  of  damage 
from  a  given  attack  is  very  hard  to  calculate  unless  one  knows  a  great 
deal  about  fires,  epidemiology,  economics,  and  so  forth.  Especially,  one 
must  know  something  about  the  factors  which  limit  the  spread  of  fires  or 
epidemics,  or  cause  a  depression  to  "bottom  out."  A  major  objective  of 
this  study  is  to  gain  some  understanding  of  these  terminating  or  limiting 
mechanisms. 

It  must  be  emphasized,  however,  that  the  kinds  of  real  world  con¬ 
straints  which  normally  operate  (e.g.,  to  limit  the  destructiveness  of 
a  storm,  or  the  spread  of  a  fire,  epidemics,  or  pest  outbreaks)  are 
rarely  absolute.  Rather,  one  typically  envisions  a  severity  vs.  fre¬ 
quency  distribution  function  having  a  form  such  that,  beyond  a  cer¬ 
tain  point,  increasingly  severe  instances  are  increasingly  rare.  The 
maximal  case  which  need  be  considered  for  practical  purposes  might  be 
defined  as  one  of  a  magnitude  whose  corresponding  frequency  is  such  that 
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no  case  might  be  expected  in  a  "long"  time.*  The  length  of  time  one  picks 
as  a  standard  of  comparison,  whether  a  generation,  a  century  or  a  millenium, 
is  partly  a  function  of  the  "average"  frequency  of  comparable  events  and 
partly  a  question  of  the  magnitude  of  the  greatest  such  event  on  record. 

Thus  one  might  think  in  terms  of  a  generation  for  purposes  of  estimating 
a  "maximal"  hurricane,  but  10  million  years  would  be  a  short  period  to  con¬ 
sider  if  one  were  concerr  ;d  with  estimating  the  worst  possible  ice  age! 

Having  pointed  out  the  characteristic  weaknesses  of  some  attempts  to 
treat  very  complex  "real  world"  problems  by  means  of  analytic  techniques 
from  the  realm  of  engineering  and  physics,  we  must  issue  two  warnings.  In 
the  first  place,  even  the  most  sophisticated  models  cannot  transcend  the 
available  "state  of  the  art,"  which  means  the  results  are  bound  to  be  at 
least  as  uncertain  as  the  basic  data--which  is,  in  turn,  both  sparse  and 
unreliable.  It  is,  however,  incumbent  on  the  end-user  of  the  study  to  re¬ 
main  conscious,  not  only  of  the  existence  of  theoretical  uncertainties, 
but  also  of  the  practical  implications  thereof.  The  importance  of  this 
injunction  can  perhaps  best  be  illustrated  by  means  of  an  example:  for 
some  time  after  an  attack  on  the  U.S.  the  only  information  available  to 
the  central  government  as  to  the  composition  and  location  of  surviving 
resources  would  be  derived  not  from  on-the-spot  census  or  inventory-taking 
(which  would  be  a  very  slow  and  difficult  process)  but  from  a  computerized 
damage-assessment  model  in  which  crude  available  data  on  targets  destroyed, 
weather  conditions,  etc.,  wou5d  be  entered.**  Two  categories  of  resources 
would  be  effectively  "lost"--at  least,  insofar  as  any  contribution  to  over¬ 
all  national  goals  is  concerned — hamely ,  resources  actually  destroyed  and 
resources  which  the  damage-assessment  model  calcu lntes  to  be  destroyed 
(and  which  are  not  otherwise  known  to  have  survived).  It  is  possible  to 
envision  a  centra!  planning  group  allocating  resources  to  replace  "de¬ 
stroyed"  factories  which  actually  survived  the  attack,  while  depending  on 
the  output  from  other  plants  which  the  model  calculated  to  have  survived 
intact  but  which  were,  in  fact,  demolished.  Hence  it  is  almost  meaning¬ 
less  in  the  present  context  to  characterize  a  model  in  terms  like  +  n% 
accuracy.  What  matters  is  the  practical  utility  (or  disutility)  of  a 
given  riargin  of  error.  In  some  cases  even  a  sizable  percentage  error 
may  make  no  practical  difference,  while  in  other  instances,  such  as  the 
one  described  above,  even  a  "small"  error  may  be  quite  unfor tunateT** 


';e  ,g . ,  the  practical  upper  limit  for  earthquakes  corresponds  to 
about  9  on  the  Richter  scale.  No  quake  of  this  magnitude  has  occurred 
since  se i smog raph i c  records  have  been  kept,  although  several  8.9  read¬ 
ings  have  been  recorded. 

*“Th i s  is  the  function  of  the  NREC  under  the  OEP. 

. 'This  fact  may,  in  turn,  have  important  implications  for  policy 

planning.  Thus  it  could  be  used  as  an  argument  against  the  concept  of 
central  planning  itself. 
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The  other  warning  is  directed  at  technical  readers  who  may  be 
tempted  to  apply  standards  of  criticism  to  the  study,  similar  to  those 
which  they  would  apply  to  "pure"  research.  It  seems  very  clear,  at 
least  to  the  author,  that  such  standards  are  inappropriate.  In  partic¬ 
ular,  one  often  has  a  choice  between  using  incomplete,  unreliable  or  un¬ 
confirmed  data,  or  giving  up  any  attempt  to  estimate  magnitudes.  From 
the  scientific  point  of  view  it  is  bad  form  to  build  elaborate  theoreti¬ 
cal  structures  on  shaky  foundat ions--part ly,  no  doubt,  because  it  was 
just  this  type  of  intellectual  activity  which  inhibited  real  scientific 
progress  until  comparatively  recently  in  history.  Most  scientists  recog¬ 
nize  the  need  to  make  conjectures  (if  only  to  lest  them),  but  still  tend 
to  recoil  from  any  but  the  most  modest  consideration  of  further  implica¬ 
tions  until  such  speculation  is  somehow  legitimized  by  an  accumulation 
of  raw  data.* 

Policy  planners  (the  intended  audience  of  this  study)  cannot  afford 
such  delicate  sensibilities.  One  cannot  rationally  refuse  to  consider 
the  actions  one  will  take,  in  case  some  theoretical  phenomenon  occurs,  on 
the  grounds  that  the  theory  is  speculat ive--any  more  than  one  can  refuse 
to  guard  against  future  eventualities  on  the  grounds  that  the  future  is 
uncertain.  In  fact,  it  is  precisely  because  the  future  is  uncertain  that 
planners  must  hedge  against  a  number  of  different  (often  incompatible)  al¬ 
ternatives.  Similarly,  it  may  be  necessary  to  hedge  against  a  theoretical 
event  just  because  the  theory  is  good  enough  to  raise  the  possibility  but 
not  adequate  either  to  confirm  it  or  to  rule  it  out  beyond  a  doubt. 

Several  of  the  models  introduced  in  this  study  are  intended  to  play 
such  a  role.  It  is,  of  course,  gratifying  to  be  able  to  arrive  at  an 
unequivocal  answer  of  the  form:  "X"  is  not  important  (compared  with  "Y1'). 
More  often,  the  theory  is  only  sufficient  to  suggest  ranges  of  possible 
magnitudes  which  partially  overlap  the  ranges  of  major  interest  or  con¬ 
cern.  This  is  a  scientifically  uninteresting  kind  of  result,  but  from 
the  policy  planning  viewpoint  it  may  be  quite  useful  to  know  that  "Z" 
may  be  important  in  comparison  with  "Y"--for  it  raises  the  further  ques¬ 
tion  as  to  how  well  "Z"  can  be  guarded  against  (in  case  it  should  occur), 
for  hew  much  money,  etc. 

The  better  t lie  data  and  the  theory,  the  fewer  alternatives  need  be 
taken  seriously.  As  the  state-of-the-art  improves,  some  possible  ri.ks 
will  certainly  be  eliminated  from  consideration  as  the  quantitative  as¬ 
pects  become  better  known  and  the  range  of  uncertainty  decreases.  Policy 
planners  would  have  correspondingly  fewer  things  to  hedge  against  and, 
therefore,  fewer  demands  on  limited  resources.  Thus,  up  to  a  point, 
further  research  may  have  a  very  high  leverage.  On  the  other  hand,  once 
the  question,  "Is  X  important,  compared  with  Y?"  has  been  answered  defi¬ 
nitely,  one  way  or  the  other,  there  is  little  or  no  payoff  to  the  planner 

'?The  normal  position  in  the  sciences  at  present  is  that  there  exists 
much  more  data  than  theory.  Theorists  are  kept  busy  trying  to  account  for 
known  data.  Hence  it  is  very  rare  for  a  theorist  to  suggest  a  new  phenome¬ 
non  before  the  experimentalists  have  found  it. 
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in  pursuing  many  details  which  would  be  of  great  interest  to  the  scientist 
qua  scientist.  To  the  extent  that  further  research  might  be  worthwhile  at 
all,  it  would  probably  have  to  be  directed  towards  finding  the  best  (and 
cheapest)  means  of  counteracting  "X."  To  do  this  one  need  often  (though 
not  always)  know  very  little  about  "X"  itself. 

To  conclude  the  introduction,  a  few  methodological  and  organizational 
comments  may  be  in  order.  Our  approach  can,  perhaps,  be  described  as  fol¬ 
lows: 

abstract  (vs.  empirical) 
aggregative  (vs.  narrowly  focused) 
statistical  (vs.  mechanistic) 

The  term  "abstract"  is  not  intended  to  convey  a  lack  of  concern  with  data, 
but  rather,  to  roughly  characterize  our  attitude  when  faced  with  situations 
where  data  is  unavailable.  This  will  be  further  clarified  in  a  moment.  The 
stress  on  the  aggregative  and  statistical  features  as  opposed  to  microscopic, 
mechanistic  aspects,  reflects  a  notion  that  the  behavior  of  complex  macro¬ 
scopic  systems  cannot  be  inferred,  on  the  basis  of  existing  theory,  from  the 
behavior  of  their  components,  even  though  the  latter  is  clearly  relevant  and 
important.  If  we  imagine  a  hierarchy  of  levels  of  analysis,  beginning  at 
the  lowest  level  with  simple  components,  such  as  artifacts  or  living  cells, 
and  ranging  through  organs,  organisms,  populations,  communities,  ecosystems, 
human  complexes  (e.g.,  cities),  human  societies  and  civilizations,  it  is 
clear  that  problems  whose  main  point  of  impact  is  at  the  upper  end  of  the 
scale  cannot  be  treated  by  starting  at  the  bottom  and  analyzing  "upward." 

On  the  other  hand,  the  reverse  approach,  carrying  the  analysis  from  the 
higher  levels  of  aggregation  to  the  lower  ones,  makes  still  less  sense. 

The  only  possible  resolution  of  the  difficulty  is  to  work,  in  some  fashion, 
both  ways  at  once:  for  example,  we  shall  frequently  make  assumptions  about 
the  form  of  a  distribution  function  on  the  basis  of  general  knowledge  of 
the  aggregated  system,  then  working  back  to  allow  the  parameters  of  the 
distribution  to  be  determined  by  information  at  the  component  level.  Thus 
the  abstract  model  typically  comes  first  (in  this  study),  emp? rical  data 
being  introduced  at  a  later  stage  to  make  the  model  as  quantitative  3S 
possible,  but  seldom  with  sufficient  detail  and/or  reliability  to  enable 
one  to  work  back  up  the  scale  and  suggest  modifications  to  the  model  — 
although,  in  principle,  this  would  be  the  next  logical  step. 

The  procedure  we  have  followed  incidentally  has  the  advantage  of  sug¬ 
gest^  which  kinds  of  basic  data  will  be  the  most  useful,  e.g.,  in  the 
development  of  predictive  models  for  ecology,  fire  research,  pest  control, 
flood  control,  etc.  Above  all,  we  need  more  information  on  relations  be¬ 
tween  "dose"  and  i nc idence  (or  resPonse)-~e.g. .  mortality  curves — for 
various  generalized  insults  or  disturbances  to  biological  populations, 
communities,  or  ecosystems.  We  also  need  better  information  on  the  rela¬ 
tionships  between  magn i tuae  and  frequency  of  various  kinds  of  disturbance 
such  as  (spontaneous)  fires,  earthquakes,  storms,  droughts,  floois,  insect 
outbreaks,  epidemics  and  so  fo^th,  under  various  sets  of  c i rcumstances. 

From  these  data  one  can  derive  theoretical  distribution  functions  whose 
significant  parameters  (mean,  vas  iance,  etc.)  tend  to  depend  in  various 
ways  on  the  prevailing  circumstances.  From  thence  it  is  possible  to 


■■sr 


V 


develop  models  to  make  modest  predictions  about  what  will  happen  if  the 
circumstances  change  in  prescribed  ways. 

As  a  first  step  towards  some  of  these  goals,  we  have  assembled  exist¬ 
ing  data— both  historical  and  experimental --on  a  number  of  kinds  of  envir¬ 
onmental  disturbance.  Much  of  this  material  had  never  been  collected  in 
one  place  previously,  although  since  the  earlier  reports  in  this  series 
appeared,  at  least  one  more  ambitious  compilation  (for  insects)  has  been 
undertaken  elsewhere.  In  some  cases  of  particular  interest  we  have 
sketched,  rather  simpl i stical ly,  how  predictive  models  for  handling  com¬ 
plex  problems  might  be  developed.  The  major  models,  and  some  of  the  data 
compilations  appear  as  Appendices  A  through  H  to  the  two  volumes  of  the 
report. 

The  chapter  organization  is  probably  self-explanatory.  The  first 
volume  (Chapters  I- IV)  Is  devoted  to  direct  and  indirect  effects  of  nu¬ 
clear  weapons  at  the  lower  levels  of  aggregation  up  to  and  including 
populations  and  ecosystems  but  not  including  human  and  societal  aspects. 
The  second  volume  discusses  concepts  of  disutility  (Chapter  V),  range  and 
context  (Chapter  VI),  envi ronmental -economic  considerations  (Chapter  VI  l), 
and  possible  countermeasures  (Chapter  VIII).  Conspicuously  absent,  at 
this  stage,  is  any  real  discussion  of  socio-economic  problems  of  environ¬ 
mental  recovery.  Future  studies  v>i  1 1 .  however,  emphasize  these  areas. 
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CHAPTER  I 

PRIMARY  RADIOLOGICAL  EFFECTS 


>.  Origin.  Characteristics  and  Distribution  of  Fallout 

-  Although  this  subject  is  explicitly  covered  in  an  official  AEC-DOD 
publication,’*!  there  are  a  number  of  important  points  where  the  discussion 
in  that  document  might  usefully  be  supplemented.  This  section  will  not 
attempt  to  cover  all  the  topics  which  might  logically  be  subsumed  by  the 
heading,  but  will  concentrate  on  a  few  key  issues. 

The  central  question,  to  which  a  great  deal  of  experimental  and  theo¬ 
retical  effort  has  been  devotee,  is  essentially  as  follows:  given  a  nuclear 
explosion  of  yield  W,  and  specified  altitude,  wind  conditions,  etc.,  what 
dose  rate  will  be  measured  by  a  suitable  instrument  at  a  particular  nearby 
location  and  subsequent  time?'”'  In  Its  general  fomi  the  question  is  too 
complicated  to  tackle  directly,  so  various  simplifying  concepts  have  been 
introduced . 

One  such  concept  is  total  activity.  It  is  now  accepted  that  about 
6  to  6.5%  of  the  fission  energy  yieli  of  a  weapon  is  delivered  relatively 
slowly  in  the  form  of  v  and  3  radiation  from  fission  products.  The  decay 
mechanisms  are  exceedingly  complex:  at  least  200  isotopes  of  36  elements 
are  thought  to  be  involved.^  The  major  groups  are  listed  in  Table  1-1  and 


“Effects  of  Nuclear  Weapons  will  be  abbreviated  to  ENW  in  the  following. 

'“'Details  of  the  morphology  and  time  evolution  of  a  nuclear  explosion 
are  an  interesting  subject  in  themselves  but  have  comparatively  little  rele¬ 
vance  to  the  ultimate  radiological  effects  of  the  weapon  except  insofar  as 
they  determine  the  pattern  of  distribution  of  fallout.  Very  crudely,  as  is 
common  knowledge,  the  isodose  lines  characteristic  of  fallout  patterns  are 
concentric  ellipses  pointing  in  the  downwind  direction. 

It  must  be  emphasized  that  the  idealized  patterns  used  in  damage  as¬ 
sessment  calculations  are  based  on  one  or  another  mafhemat i ca I  model.  A 
number  of  such  models  have  been  developed.  A  detailed  comparison  would  be 
a  major  undertaking  with  lit*  1  e  relevance  to  our  present  task,  but  for  pur¬ 
poses  of  identification  the  best  known  are  as  follows:  ENW;  Rapp  et  al. 
(RAND) ;2  Pugh-Gal 1 iano  ( I DA-WSEG ) ; 3  Anderson  (NRQL) AFC IN;5  Technical 
Operations,  Inc. ; ^  Nag  ler-M  ichta-Pooler  (Weather  Bureau)  'J  and  Miller  (Sftl- 
OCO).®  There  are  several  alternate  versions  of  some  of  these  models,  add- 
ing  up  to  nearly  a  score  of  distinct  cases.  Several  attempts  have  been 
made  to  compare  and  classify  the  various  models,  resolve  discrepancies 
and/or  clarify  th>  reasons  for  them  in  terms  of  data  base,  physical  assump¬ 
tions,  mathematical  approx  i^at  ions ,  ramie  of  applicability,  etc.^*^1'' 
However,  the  results  of  these  efforts  are  either  inconclusive  or  unavail¬ 
able  and  we  shall  therelore  refer  usually  to  the  Miller  model,  which  is 
the  most  recent  and  most  detai  led,  and  appears  to  have  just  it  ied  the  least 
serious  criticism  (except  that  of  being  difficult  to  understand). 


Table  l-l 

Major  Radioisotopes  Produced  in  Fission 
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Figure  l.l.*3»16,15  a  convenient  method  of  keeping  track  of  the  over-all 
process  is  in  terms  of  individual  atomic  fissions  resulting  in  the  emis¬ 
sion  of  y-rays,  measured  in  Curie"  (or  Curies  per  unit  area).  As  the  ra¬ 
dioactive  debris  ages,  the  rate  or  decay  activity  declines  rapidly,  at  a 
time  one  minute  after  the  detonation  the  activity  level  is  currently  cal¬ 
culated  to  be 

5.5  x  I08  Curie/KT 

where  each  KT  is  assumed  to  be  100%  fission.*  This  figure  represents  a 
change  from  the^I957  edition  of  ENW  where  the  numerical  coefficient  was 
given  as  3  x  i0®.  The  one-hour  reference  ionization  dose-rate  at  a  point 
three  feet  above  an  ideal  flat  plane,  whereon  fission  products  are  assumed 
to  be  uniformly  spread  at  a  density  of  I  KT/mj2,  can  be  calculated  from  the 
above  by  taking  into  account  attenuation  due  to  absorbtion  by  the  air,  as  a 
function  of  y-energy,  and  the  fraction  of  total  emission  energy  in  the  form 
of  y-photons.  Averaging  over  the  energy  spectrum  (partly  observed,  partly 
calculated),  with  an  assumed  mean  at  0.95  Nev,  a  fairly  straightforward  cal 
culation  yields  the  conversion  factor:  *"**7 

3700  Roentgens/ hr  at  I  hr 

’  — Tj 

excluding  radioactivity  induced  by  neutron  absorbtion.  The  latter  contri- 

R/hr 

bution  is  usually  taken  to  be  200  | t *  but  this  is  subject  to  local 

variations  and,  in  any  case,  comparatively  small. 

In  the  1957  edition  of  ENW,  a  smaller  coefficient  of  1250  was  assumed. 
Shortly  after  the  1959  JCAE  Hearings,  where  the  oid  value  was  seriously 
questioned,  Ralph  Lapp  carried  out  an  independent  analysis  in  which  He  con¬ 
cluded  that  the  early  ENW  figure  (1250  wa*  a  lower  bound,  while  the 

then-proposed  N"0l  value  (3500  was  probably  an  upper  bound.l9»20. 

He  rather  arbitrarily  proposed  to  split  the  difference  and  suggested  2000 
as  a  reasonable  comoromi se.  However,  the  1962  edition  of  ENW  actually  re¬ 
vised  the  number  upward  from  35OO  to  3700  to  adjust  for  a  more  accurate 
determination  of  the  number  of  fissions  per  KT.«*  A  comparison  of  several 
early  fallout  models  in  use  at  the  time  shows  a  startlingly  wide  variation 
In  the  conversion  factors  which  were  assumed  (usually  not  explicitly,  how¬ 
ever).  For  example,  Callahan  gx  ii*  a*  Tech  Ops  analyzed  the  results  of 
two  OCOM  attacks  and  three  RAND  attacks,  and  noted  values  ranging  from  5*5 
(0CDH,  (GGG-NT  attack)  to  2200  (MND,  1700-hT  attack),  although  It  Is  not 
clear  to  what  extent  these  figures  included  olher  factors  sich  as  ground 
roughness,  Tech  Ops  itself  used  a  coefficient  value  of  l$8).22  The  orlg* 
inal  wSEG  (Pugh-Gal  Mano)  mode  I- 3  assumed  a  factor  of  2500,  and  later 
modified  it  ts  2400  in  line  with  an  na$  recommendation.  Tie  Weather 


•  1 1  »s  customary  to  assume  507  fission  and  $0£  fusion,  although  other 
combinations  m/iv  occur  in  reality.  The  activity  Per  kT  wou  d  be  helved  in 
e  the  rase  of  a  50  fusion  weapon. 
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Bureau  fallout  prediction  “model"  used  a  factor  of  2000.  At  the  lower 
extreme,  the  AFCIN  model, 25  developed  by  the  USAF  Intelligence  Center 
(for  the  purpose  of  estimating  damage  to  enemy  target  systems)  assumed 

only  800  Of  course,  the  Miller-NRDL  models  are  consistent  with  the 

"standard"  conversion  factor  of  3700,  as  (presumably)  are  modern  versions 
of  the  other  models.  However,  it  is  well  to  be  aware  of  the  diversity  of 
earlier  assumptions  iri  this  regard,  since  (although  the  models  in  question 
are  not  currently  used)  the  results  of  simulated  attacks  using  different 
models  are  still  cited  from  tine  to  time  for  various  purposes, e.g..  Append ix  A. 

The  proportion  of  total  activity  produced  by  MT  class  "groundburst" 
weapons  and  not  deposited  locally,  ?.e.,  in  "wor ld-wide"  fallout,  was  es¬ 
timated  in  the  1957  edition  of  ENW  as  2G%.  In  the  1962  edition  the  esti¬ 
mate  was  revised  to  60%  local  and  40%  wor ld-wide. 26  However,  there  is  now 
some  reason  to  think  the  adjustment  should  have  been  even  more  radical:  one 
possibly  more  nearly  on  the  order  of  40%  local,  60%  world-wide.  For  later 
reference  ?n  this  report,  the  current  ENW  figures  will  be  used,  although 
it  is  important  to  bear  in  mind  that  future  estimates  may  change. 

One  imp  1 i cat  ion  of  the  suggestion  that  world-wide  fallout  might  ac¬ 
count  for  a  larger  fraction  of  activity  than  previously  thought,  would  be 
that  a  greater  fraction  of  nuclear  debris  consists  of  very  small  particles. 

One  can  test  the  current  theories  of  fireball  thermodynamics  and  radio¬ 
nuclide  fractionation  against  an  independent  set  of  nuclear  test  data.  In 
the  Miller  model  the  mass  per  unit  activity  is  derived  in  terms  of  weapon 
yield  W  and  a  function  of  the  ratio  of  wind  speed  and  vertical  drift  velo¬ 
city  (trajectory  slope). 27  This  ratio  is  an  index  of  particle  size.  It 
is  convenient  to  consider  the  inverse  of  this  function,  which  has  units  of 

.  Evidently  the  activity  per  unit  mass  is  about  10  times 

greater  for  particles  less  than  40p  in  diameter  than  for  particles  of  400p, 
in  diameter.  The  relevant  test  data  are  classified,  but  anyone  with  appro¬ 
priate  access  can  easily  plot  experimental  points  against  the  theoretical 
curves  shown  in  Figure  1.2.  The  activity  per  unit  mass  evidently  rises 
very  sharply  as  the  particle  size  decreases.  This  is  essential  if  a  small 
fraction  of  the  mass  is  to  account  for  more  than  half  of  the  total  activity. 

The  standard  picture  would  also  have  to  be  modified  in  another  way. 

ENW  does  not  discuss  particle-size  distributions  explicitly,  but  the  treat¬ 
ment  actually  assumes  a  log-normal  particle-size  distribution  of  the  form 

"(r)dr  =  V5T  expf '  2M'"  r/?)2j  d  1,1  r‘ 

Such  a  distribution  was  first  inferred  by  Rapp  at  RAND  from  rlose-in  Bikini 
test  data  (for  large  particle  sizes),  which  suggested  the  values  t  =  0.69, 
r  ~  44.7  microns. 2°  A  theoretical  derivation  due  to  Stewart^u  also  pre¬ 
dicts  a  closely  related  log~normal  form.  An  alternative  theoretical  deri¬ 
vation  led  to  the  suggestion  by  Magee 3' 

n  (r )dr  =  j.  exp  (-r/r)  dr 
r 
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Actually  it  is  difficult  to  eliminate  one  or  the  other  on  the  basis  of 
available  data  for  particles  larger  than  5p,  although  they  differ  percep¬ 
tibly  at  the  low  end  of  the  spectrum  where  hard  data  have  been  scarce. 

More  recent  work  distinguishes  between  the  particle-size  distribution 
in  the  stem  and  the  mushroom.  Thus  a  distribution  function  with  two  peaks 
(at  r  =  and  r  =  1  60jju)  is  suggested  by  Polan.33  However,  if  65%  or  so 
of  the  total  activity  is  not  deposited  locally  at  all,  it  must  be  associ¬ 
ated  largely  with  particles  less  than  5m>  diameter,  which  strongly  sug¬ 
gests  the  existence  of  still  another  peak  in  the  distribution  function  for 
very  small  particles.  One  of  the  few  unclassified  sources  of  relevant  but 
inconclusive  data  was  the  High  Altitude  Sampling  Program  (HASP),  carried  on 
using  U-2  and  B"57  aircraft  from  1957  to  1961,  especially — but  not  only — in 
connection  with  Project  Argus  ("Teak"  and  "Orange").^  The  question  of 
particle-size  distribution  is  primarily  relevant  for  meteorological  consid¬ 
erations,  which  are  discussed  further  in  Chapter  III. 

Determination  of  f°r  fission  products  distributed  uni¬ 

formly  on  an  idealized  flat  smooth  plane  surface  is  not  by  itself  an  in¬ 
dex  of  the  actual  dose  to  be  expected  at  any  given  location  as  a  result 
of  a  real  attack.  First,  the  actual  distribution  is  far  from  uniform,  but 
is  characterized  by  a  concentric  series  of  roughly  elliptical  or  egg-shaped 
isodose  lines,  stretched  out  in  the  direction  of  the  prevailing  wind(s).* 
Hence  part  of  the  activity  is  concentrated  In  regions  of  great  intensity 
where  it  is  wasted  in  "overkill,"  while  part  is  distributed  sparsely  in 
areas  where  it  is  ineffective  for  the  opposite  reason.  Moreover,  fallout 
does  not  arrive  everywhere  simultaneously,  so  the  reference  dose  at  H  +  1 
hours  is  much  larger  than  the  average  actual  dose  which  would  be  received 
at  a  distance  from  the  point  of  detonation  even  if  the  fission  products 
miraculously  distributed  themselves  uniformly.  Some  of  the  fallout  (the 
"world-wide"  component)  is  not  deposited  for  months  or  years  and  can  be 
ignored,  for  practical  purposes,  as  regards  external  y-dose.  Second,  the 
actual  dose  received  by  an  object— such  as  a  measuring  Instrument-three 
feet  above  the  ground  in  a  realistic  environment  will  be  less  than  the 
ideal  due  to  the  shielding  effect  of  the  object  itself  (which  depends  on 
its  mass),  ground  irregularities,  etc. 

Each  of  these  two  factors  gives  rise  to  an  "Inefficiency"  coefficient, 
or  multiplier,  which  tends  to  increase  the  actual  number  of  KT's  (per 
square  mile)  needed  to  achieve  a  predetermined  result  over  the  i dea 1  num¬ 
ber  based  on  uniform  distribution,  etc.  The  two  hypothetical  multipliers 


'*Most  fallout  models  (with  the  specific  exception  of  the  Weather  Bu¬ 
reau  model)  assume  something  like  a  single  average  wind,  or  a  single  sur¬ 
face  wind  plus  a  "shear"  wind  at  higher  altitudes.  Since  this  assumption 
is  grossly  oversimplified,  idealized  fallout  patterns  are  far  too  symmet¬ 
rical.  In  reality,  the  winds  vary  from  altitude  to  altitude,  from  loca¬ 
tion  to  location,  and  from  time  to  time.  In  addition,  real  fallout  pat¬ 
terns  include  phenomena,  such  as  isolated  "hot  spots,"  which  are  probably 
due  to  the  effects  of  orographic  features  on  wind  circulation. 
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FIGURE  1.2 

ACTIVITY  PER  UNIT  MASS  AS  A  FUNCTION  OF  PARTICLE  SIZE 
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will  be  denoted  Qr  and  Sr  respectively.  The  subscript  R  refers  to  radio¬ 
logical  effects;  similar  multipliers  Qj  and  Sj  will  be  defined  subsequently 
in  our  analysis  of  thermal  effects. 

The  first  factor  can,  in  general,  only  be  computed  for  a  particular 
location  relative  to  a  particular  set  of  targets  with  a  specified  weather 
pattern  and  so  forth.  However,  there  is  one  special  case  where  more  gen¬ 
eral  conclusions  can  be  arrived  at  approximately,  namely,  where  the  weapons 
are  exploded  simultaneously  at  random  over  a  large  area.  We  would  assert 
that  this  is  not  an  altogether  inappropriate  model  for  considering  wide¬ 
spread  environmental  (i.e.,  ecological)  effects  resulting  from  an  attack 
on  either  military  targets  or  cities.  Here  detailed  discussion  and  justi¬ 
fication  will  be  reserved  for  Chapter  VI.  Figure  1.3*  derived  in  Appendix  A, 
shows  hypothetical  curves  for  Qr  for  two  alternative  optimum  integrated 
24-hour  doses  L:  namely,  L  *»  500R  and  l  =  1000R.  No  attempt  to  justify 
these  particular  choices  of  L  need  be  made  at  this  point;  curves  corres¬ 
ponding  to  other  choices  can  easily  be  derived  by  a  similar  technique. 

The  inefficiency  due  to  shielding  against  y-radiation  is  a  more 
-straightforward  concept.  It  depends  on  "ground  roughness,"  above  ground 
level,  shielding  due  to  bulky  neighboring  objects  such  as  buildings  or 
trees,  self-shielding,  and  shielding  by  the  air  (height  above  ground). 

The  effect  of  ground  roughness  is  usually  assumed  to  cut  the  received 
dose  (at  a  three-foot  elevation)  somewhere  between  25  and  45%  below  the 
ideal  level.  Shielding  by  neighboring  bulky  objects  is  extremely  vari¬ 
able,  ranging  from  zero  in  an  open  field  to  50%  by  the  side  of  a  sheer, 
isolated  vertical  wall,  i.e.,  a  large  building.  In  a  "canyon"  such  as 
Wall  Street,  shielding  would  be  stili  greater.  In  a  complex  environment 
such  as  a  forest,  the  effect  is  very  hard  to  judge  accurately,  and  would 
depend  strongly  on  precise  location  vis-a-vis  tree  trunks,  etc.  Shield¬ 
ing  due  to  air,  as  a  function  of  altitude,  is  adequately  discussed  in 
ENW;35  3t  s;x  feet  the  reduction  would  typically  be  about  15%,  while  at 
thirty  feet  it  would  be  about  40%. 

Assuming  a"  object,  rouuhly  three  feet  above  a  "moderately"  rough 
plane,  in  the  neighborhood  (but  not  immediately  adjacent  to)  a  few  other 
bulky  objects  such  as  large  trees,  the  actual  dose  relative  to  ideal  dose, 
might  be  given  by 

(1-. 35)0-. 10)  s  .59 

which  implies  =  (.59)”^  s  1.7.  In  the  case  of  a  peripheral  meristem 
(i.e.,  growing  point)  of  a  tree,  at  a  30“foot  elevation,  the  factor  might 
be 

(1-. 35)0-. 10)0-. 40)  =  .35 

whence  Q.5  2  2.85.  For  a  lateral  meristem  at  the  same  elevation  the  tree 
trunk  itself  would  provide  additional  (self-)  shielding,  i.e., 

(1-. 25)  0-. 35)(!-. 10)0-. 40)  a  .26 
QS  s  3.8 
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FIGURE  1.3 

RATIO  OF  TOTAL  TO  "EFFECTIVE"  MT's  FOR  RANDOM 
ATTACKS  OVER  LARGE  AREAS 
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Each  of  the  component  factors  is  uncertair  by  at  least  %20%;  their  comple¬ 
ments  are  uncertain  by  perhaps  ±5%  on  the  average;  hence  the  Q$'s  are  un¬ 
certain  by  roughly  +2C%,  although  it  is  unlikely  all  errors  go  in  the  same 
direction  so  the  probable  error  is  smaller.  Disregarding  artificial  man¬ 
made  envi ronments,  such  as  cities,  or  otherwise  exceptional  cases,  it  would 
appear  that  Qs  ranges  in  general  between  1.5  and  with  Qj  =  2  as  a  rea¬ 
sonable  "average"  value. 

For  certain  kinds  of  objects,  such  as  insects,  small  mammals  and  fo¬ 
liage  in  direct  contact  with  fallout,  the  usual  assumpt ion,  that  external 
doses  arising  from  0-radiation  in  fallout  can  be  ignored,  would  not  be  valid. 

On  the  basis  of  calculation  and  inference  from  the  OCD-Miller  fallout 
model,  it  seems  likely  that  the  total  p-dose  at  a  surface  resulting  from 
typical  fallout  at  H  +  I  hours  would  be  about  100  times  greater  (in  terms 
of  energy  absorbed)  than  the  dose  at  the  same  surface  from  a  y-source  one 
meter  distant. 36  However,  0-particles  have  comparatively  little  penetrat¬ 
ing  power  and  can  be  stopped  by  a  few  feet  of  air  or  millimeters  of  solid 
material.  (A  density  of  about  800  mg/cm2  assures  about  98%  absorbtion.) 

The  p-dose  through  a  shielding  medium  depends  on  the  energies  of  the  par¬ 
ticles.  Apparently  most  of  the  high-energy  8's  are  emitted  by  fresh  fall¬ 
out,  while  later  on  the  average  energies  decrease  markedly. 37  Some  field 
measurements  with  ionization  counters  indicate  that  the  ionization  from  0- 
particles  will  be  in  the  neighborhood  of  20  times  the  y-ionizaticn  at  a 
distance  of  5  cm.  (in  air)  during  the  first  day  only.  Subsequently,  the 
ratio  drops  to  10:1  and  5:1  on  the  second  and  third  days. 3° 

A  study,  shortly  to  be  published,  based  on  the  Miller  f  ract  i  o.nat  i  on 
model,  derives  0-dose  contours  for  each  of  the  major  radioisotopes  in  the 
local  fallout  region. 3^  When  this  work  becomes  available,  some  of  the  cur¬ 
rent  quantitative  vagueness  should  be  cleared  up. 

One  particular  0-emitter,  Sr-90,  causes  special  concern  because  of 
its  long  radioactive  half-life  and  its  affinity  for  human  bone.  Data 
from  Nevada  shows  that,  for  kiloton  shots  exploded  relatively  near  the 
surface,  the  per  cent  of  total  Sr-90  deposited  locally  (within  H  +  12 
hours)  averages  close  to  one-third  of  the  per  cent  of  total  activity  de¬ 
posited  local ly.^^  The  ratio  between  the  two  seems  to  increase  somewhat 
as  a  function  of  yield.  In  the  case  of  MT  groundbursts,  ENW  estimates 
that  50%  of  the  Sr-90  will  be  deposited  locally.  A  more  reliable  esti¬ 
mate  could  presumably  be  obtained  from  the  Miller  model,  but  this  calcu¬ 
lation  has  not  been  carried  out  explicitly,  whence,  for  the  present,  the 
above  will  su  f f  i  ce . 

Sr-90  enters  the  biosphere  in  two  ways:  direct  foliar  absorl  :on 
from  leaves  and  stems  of  plants,  and  uptake  from  the  soil  via  the  1 )ots. 

The  amount  absorbed  in  each  case  depends  on  the  solubility  of  the  Sr-90 
atoms.  It  can  be  roughly  assumed  that  the  fraction  of  the  radioisotope 
which  condensed  on  the  surface  of  fallout  particles  is  soluble--and  there¬ 
fore  potentially  available  to  p lants--whi le  the  fraction  trapped  within 
the  glassy  matrix  of  condensed  fireball  materials  is  permanently  unavail¬ 
able.  Miller  has  calculated  the  number  of  soluble  Sr~90  atoms  likely  t 
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be  deposited  per  square  foot  as  a  function  of  reference  dose  rates.  These 
contour  ratios  can  be  expressed  in  units  of 

•yii 

soluble  mi  1 1 icuries/mi/ 

R/hr  at  1  hr. 

If  we  assume  a  standard  15_mph  wind  speed  and  a  1-MT  (fission)  explosion, 
then  the  Sr-90  activity  contour  ratio  calculated  by  Miller  is  nearly  con¬ 
stant  and  equal  to 


25  mC/mi2 
R/hr  at  1  hr 

beyond  30  miles  (with  a  peak  at  38  miles  followed  by  a  slight  decline) 
but  drops  rapidly  to  zero  nearer  tc  ground  zero. 1+1  The  30-mile  downwind 
point  coincides  approximately  with  :he  2000  R  one-hour  reference  isodose 
line.  The  following  chart  (Table  1-2)  shows  roughly  how  the  soluble  Sr~90 
is  distributed  throughout  two  idealized  patterns. 

Taole  1-2 


Fission  Pr 

'.Ctdii.cc  S  end  Sr -90  Due  to 

1-MT  Surface 

Burst 

Isodose  Contour 
(R/hr  at  1  hr . ) 

Soluble  Sr-90  per 

Unit  Area  (mC/mi 2) 
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) 
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2500-7500 

'000 
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300-1000 
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360 

>1000 

several  thousand 

- 

340 

A  1-MT  fission-yield  bomb  is  therefore  canable  of  contaminating 
4000  mi^  of  land  to  a  level  of  750  mC/mi 2  or  more,  and  a  further  10,500 
mi ^  of  land  to  a  level  of  between  75  and  750  mC/mi 2  according  to  ENW.  The 
Miller  fallout  model  yields  smaller  figures,  3400  mi2  and  4150  mi2  respec¬ 
tively,  Data  presented  in  ENW  indicates  that  particles  falling  from  53,000 
feet  in  two  hours  or  less  would  have  radii  larger  than  about  l20p  and  would 
carry  roughly  8%  of  the  activity  deposited  locally  or  5%  of  the  total. 

Due  to  the  tendency  of  Sr-90  co  condense  iate  in  the  evolution  of  the  fire¬ 
ball,  these  large  particles  carry  very  little  of  the  total  Sr-9C  produced 
by  the  bomb,  of  which  still  less  («  1%)  is  probably  in  soluble  form, 

‘,vUsing  the  equivalence  relation: 

lQi£^La2IS-^l  S.I---S.Q,  =>  5.94  disintegrations  =  4.5  niC 
ft2  sec-f  t^  m i 2 

,LJL 

The  area  estimates  were  made  by  means  of  a  p 1  an ime ter  from  the  ideal¬ 
ized  fallout  pattern  published  by  Miller,  and  by  using  the  standard  formula 
for  the  area  of  an  til  ipse  i n  the  ENW  case. 

In  this  region  the  contour  rat io  drops  exponentially  but  tire  dose 
rate  increases  exponentially. 
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Referring  now  to  the  previous  calculation  for  uniform  distribution 
of  fission  products  on  an  ideal  flat  plane,  we  find 

Soluble  Sr-90  R/hr  at  i  hr  ~  25  mC/mi2  _  38  £Zsil2 

R/hr  at  1  hr  KT/mi2  1/3900  KT/mi2  KT/mi2 

This  compares  wi th 

~100  C/mi2 
KT/mi2 

for  all  Sr-90  produced,  if  all  fission  products  are  included,  which  im¬ 
plies  almost  100%  average  solubility.  This  seems  to  directly  contradict 
some  experimental  evidence  which  has  been  published  tor  close-in  fallout. 

Most  such  measurements  refer  to  the  solubility  of  the  total  fission  pro¬ 
duct  mixture^  rather  than  Sr-90  alone,  which  is  largely  confined  to  the 
surface  layer  of  the  fallout  particles,  due  to  its  low  condensation  tem¬ 
perature. 

The  apparen'  discrepancy  may  also  be  due  in  part  to  a  confusion  be¬ 
tween  initial  solubility  and  long-term  solubility.  The  definition  of 
"solubility"  used  in  the  published  experiments  may  be  somewhat  unrealistic, 
to  the  extent  that  no  attempt  was  made  to  duplicate  the  actual  conditions 
in  soil  (other  than  adjusting  the  pH),  where  a  number  of  catalytic  agents 
(e.g.,  enzymes,  produced  by  bacteria  and  fungi)  help  to  break  down  chemical 
bonds.  Many  of  these  reactions  go  to  completion  very  slowly.  On  the  other 
hand,  there  are  almost  certainly  ion-exchange  reactions  in  the  soil  which 
go  the  other  way,  i.e.,  some  initially  soluble  Sr-90  is  precipitated  in  in¬ 
soluble  forms  (especially  in  clay).  Russell  and  Burton  estimate  50%  solu¬ 
bility  for  long-term  residence  in  the  soil,  even  making  some  allowances  for 
these  factors. ^6 

The  other  major  source  of  contradiction  is,  as  mentioned  previously, 
that  we  have  imposed  an  ad  hoc  assumption  (that  50%  of  the  Sr-90  comes 
down  locally)  on  Miller's  results,  whereas  to  be  consistent  we  should  use 
the  figures  predicted  by  his  model  itself.  With  the  help  of  a  little  al¬ 
gebra  it  can  be  verified  that  the  results  quoted  above  are  consistent  with 
a  50%  assumed  solubility,  if  75%  of  the  Sr-90  is  assumed  to  be  in  the  world¬ 
wide  fraction.  As  indicated  earlier,  figures  in  this  range  cannot  be  ex¬ 
cluded  on  the  basis  of  what  is  currently  known. 

We  now  wish  to  exclude  the  fraction  of  total  fission  products  and  soluble 
Sr-90  which  are  deposited  (a)  inside  the  1000  R/hr  contour,  i.e.,  on  parti¬ 
cles  with  radii  >12 Op. ;  and  (b)  in  world-wide  fallout,  i.e.,  on  particles 
with  radii  <  1  Op.  or  so.  The  first  category  accounts  for  about  5%  of  fission 
products  and  (we  assume)  much  less  than  1%,  of  the  soluble  Sr-90.  The  second 
category  accounts  for  ~40%  of  total  fission  activity  and  about  507  of  the 
total  Sr-90.  Hence  the  ratio  of  Sr-90  to  total  fission  products  in  the  re¬ 
gion  of  local  fallout  (particles  with  radii  I0u  ^  r  <  I25u)  is  reduced  to 
~90%  of  the  over-all  ratio,  and  finally  we  obtain  for  the  local  fallout 
area  beyond  the  1000  R/hr  one-hour  contour 


99  C/mi2  .bolyfrie  $r-3Ql  f  l0 

KT/mi 2 


1 2  On. . 


HI-518-RR 


1-13 


2.  Radiation  Damage  Mechanisms  at  the  Cellular  Level 

The  achievements  of  biochemistry  and  biophysics  in  the  past  few 
years  have  helped  to  clarify  our  understanding  of  the  ccmp’ex  chain  of 
events  initiated  when  cells  are  irradiated,  although  much  remains  to  be 
learned. 

One  rimary  effect  of  radiation  on  living  matter  is  simply  due  to 
the  fact  that  organic  molecules  are  broken  up  into  radicals  and  ions. 

These  fragments  are  typically  unstable,  i.e.,  they  are  chemically  active. 

Thus  radicals  may  interact  with  other  radicals  or  with  unaltered  (and  nor¬ 
mally  stable)  molecules,  producing  chemical  products  which  perturb  the 
chemical  envi romient  necessary  for  cell  functions  to  proceed.  Free-radi- 
cals  such  as  H°,  0H°,  arising  from  the  splitting  of  water  molecules,  which 
constitute  roughly  70%  of  the  weight  of  a  cell,  are  particularly  important 
in  the  initial  chemical  changes  induced  by  radiation.  One  of  the  reactions 
which  apparently  occurs  is  0H°  +  0H°  =>  H2O2,  while  H°  +  H°  ■>  H2.  Thus, 
hydrogen  peroxide  and  free  hydrogen  among  other  things  will  be  present  in 
irradiated  cells. 

All  the  essential  constituents  of  cells,  but  especially  complex  mole¬ 
cules  like  proteins  and  polysaccharides,  may  be  affected  either  through 
the  action  of  such  radicals  or  "daughter"  products  or  they  may  also  be  in¬ 
jured  by  ionizing  radiation  directly.  The  respective  roles  of  the  direct 
and  indirect  action  of  radiation  in  bringing  about  cellular  lesions  is  not 
yet  clear;  it  is  probable  that  in  most  cases  both  effects  are  operative, 
but  that  the  first  predominates. 

Damage  can  also  be  caused  by  radioactive  decay  of  an  unstable  radio¬ 
nuclide  (isotope)  which  has  become  incorporated  into  some  critical  molecule. 
The  exact  location  of  such  a  nuclide  in  cellular  structu-es  may  be  important. 
For  example,  carbon-14 — a  nuclide  with  a  very  long  half-life — decays  by  emis¬ 
sion  of  a  beta  particle  to  the  stable  isotope  nitrogen-14.  The  beta  emission 
itself  may  obviously  give  rise  to  ionization  effects.  However,  since  carbon 
is  a  basic  constituent  of  all  essential  living  structures,  it  is  also  likely 
that  the  change  of  carbon-14  into  nitrogen-14  will  occasionally  occur  within 
a  key  molecular  structure  such  as  a  gene.  This  change  may,  in  some  circum¬ 
stances,  outweigh  the  effects  of  the  radiation  released  by  that  nuclide  in 
the  form  of  beta  particles.  Direct  evidence  regarding  the  consequences  of 
transmutat ion  of  carbon-14  is  still  limited,''  but  local  effects  of  disinte¬ 
grations  have  also  been  postulated  for  other  isotopes  such  as  phosphorus-32. 

Depending  on  the  dose  of  radiation,  chemical  processes  leading  to 
the  synthesis  of  essential  cellular  constituents  are  retarded  to  varying 


A - — . . . . .  -  ■  ■  1  ■■  11  1  1  n  1  .  i 

'Some  will  argue  that  one  should  not  mention  possibilities  which 
have  not  been  experimentally  established.  The  point  is,  we  are  not  ad¬ 
vocating  a  theory  but  pointing  out  a  possible  hazard.  If  future  research 
shows  it  to  be  unfounded,  that  is  no  reason  for  not  discussing  it  as  long 
as  the  possibility  seem«j,  to  be  open. 
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degrees  and  may  even  be  completely  inhibited;  this  is  particularly  true 
for  the  synthesis  of  nucleic  acids.  The  integrity  of  these  synthetic 
mechanisms  is  essential  for  the  maintenance  of  both  morphological  and 
functional  characteristics  and  for  ensuring  growth  and  division  of  cells. 
Inhibition  of  mitosis  (division)  is,  in  fact,  one  of  the  earliest  effects 
of  irradiation,  but  probably  most  cellular  functions  and  structures  are 
to  a  greater  or  lesser  extent  impaired  by  radiation.  Cellular  death  can 
ultimately  be  brought  about  by  any  one  of  several  different  mechanisms, 
including  actual  chromosome  breaks. 

One  of  the  major  long-term  consequences  of  radiation  is  genetic 
damage,  due  to  chromosome  mutation  or  gene  mutation.  The  former  is  the 
consequence  of  chromosome  breaks.  When  two  or  more  breaks  are  produced 
in  the  same  or  in  different  chromosomes,  the  unions  which  may  occur  fre¬ 
quently  involve  alterations  of  the  original  sequence  or  pattern  of  genes. 
Alteration  of  the  gene  sequence,  as  well  as  ioss  of  parts  of  chromosomes 
or  even  of  whole  chromosomes,  often  leads  to  cellular  death.  In  some 
cases,  however,  the  chromosomal  damage  is  simply  transmitted  to  daughter 
cells. 

The  nature  of  gene  mutations  has  been  recently  clarified  by  studies 
on  bacteria  and  viruses.  Nucleic  acids  —  long  chain  molecules  (ONA  and 
RNA)  along  which  genes  are  arranged  within  chromosomes --cons i st  of  a  se¬ 
quence  of  four  elementary  molecular  units  in  various  specific  combina¬ 
tions  and  permutations.*  Changes  in  the  ordering  of  these  units  are 
tantamount  to  mutation  (though  not  every  such  chanqe  is  "allowed"). 

The  mechanism  of  mutation  is,  however,  far  from  being  well  under¬ 
stood.  Studies  in  lower  organisms  have  shown  that  mutation  is  a  complex 
process  going  through  a  first  stage  in  which  the  damage  may,  at  least  to 
a  limited  extent,  be  reparable,  and  only  after  a  certain  time  becoming 
i rreversible. 

Like  all  radio-biological  effects,  the  induction  of  mutations  is 
dose-dependent  and  is  proportional  to  the  absorbed  dose  (raci)  down  to 
the  lowest  levels  investigated  so  for.  The  proportionality  factor,  how¬ 
ever,  has  been  shown  to  vary  with  the  dose  rate  in  a  number  of  species. 

Correlations  between  measurable  cellular  characteristics  of  differ¬ 
ent  species  and  vulnerability  to  radiation  have  been  investigated  experi¬ 
mentally  in  detail  by  Sparrow,  £JL  aX.  ?  Sparrow  has  unified  many  of  the 
observed  results  in  terms  of  a  phenomenological  model,  tailed  the  "target- 
size  theory,"  which  is  based  on  the  approximat ion  that  the  substance  of 
the  cell  nuclei — containing  the  chromosomes-- i s  uniformly  vulnerable  to 
ionizing  radiation  -nd  that,  by  comparison,  the  rest  of  the  cell  is  immune. 
This  approximation  apparently  has  a  considerable  degree  of  valid! tv;  at 
least  it  has  led  to  a  series  of  useful  unifying  mathematical  relationships 
which  allow  one  to  predict  the  vulnerability  of  any  particular  Kind  of  cell 
to  radiation  in  terms  of  easily  measured  quantities  such  «v>  nuclear  volume 
or  ONA-content.  The  accuracy  of  these  predictions  seem*  to  be  of  the  order 
of  t  25/'. 


'"'The  genetic  "code." 
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The  target -size  theory  slates  that  the  probability  of  damage  to 
quiescent  cells'’  is  approximately  proportional  to  the  cell  nuclear  vol¬ 
ume  per  chromosome,  allowing  for  small  discrepancies  due  to  other  factors. 
Figures  1.4  and  1.5^  illustrate  the  important  relationships.  Specifically, 
it  appears  that  the  lethal  dose,  in  terms  of  energy  absorbed,  is  about 
3.6  mev  or  5  =  8  x  10”°  ergs  per  chromosome.  This  conclusion  is  si  ill  ten¬ 
tative,  but  has  been  verified  for  species  with  very  wide  variations  in 
lethal  dose,  chromosome  numbers  and  cell  volume. ^9  Nuclear  volume  has 

been  found  to  correlate  very  closely  in  the  species  with  average  DNA  con¬ 
tent,  50  which  may  be  the  more  fundamental  variable. 


Measurements  of  nuclear  volume  have  been  made  for  many  plant  species. 
Although  no  strict  correlation  has  been  observed  between  nuclear  volume 
and  taxonomic  group,  Sparrow  and  Schairer  have  noted  that  many  species 
of  gymnosperms  (principally  conifers)  and  monocoty ledonous  angiosperms 
have  nuclear  volumes  greater  than  400u.3  (p,  =  10”°meter),  while  relatively 
few  dicotylae  have  such  large  nuclei. 5'  The  distribution  of  interphase 
chromosome  volumes  (i.e.  total  nuclear  volume/number  of  chromosomes)  and 
calculated  radiosensitivities  among  87  species  of  gymnosperms  is  shown  in 
Figure  1,6.  The  corresponding  distribution  for  85  species  of  dicotylae  is 
given  in  Figure  1.7.  ^  Deciduous  trees  and  most  economically  valuable  plants 
except  the  grasses  and  cereal  grains  (Sramineae)  are  dicotyledonous. 


There  are  a  number  of  other  factors  which  must  be  taken  into  account 
in  order  to  refine  the  predictions  made  by  this  theory,  of  which  the  most 
important  are  as  follows: 

1.  P I o i dy :  Sometimes  the  chromosomes  within  the  nucleus  duplicate 
themselves,  but  the  cell  as  a  whole  does  not  split.**  If  the  nucleus  con¬ 
tains  two  copies  of  each  chromosome  (the  normal  situation),  it  is  called 
a  diploid.  A  cell,  e.g.  sperm  or  ovum,  with  a  single  set  is  haploid.***  If 
more  than  two  copies  exist,  it  is  called  polyploid.  Polyploidy  seems  to 
somewhat  increase  radiation  resistance  compared  to  diploidy.  This  is 
intuitively  understandable,  since  damaqe  to  one  of  the  chromosomes 
may  not  prevent  the  functions  controlled  by  that  chromosome  being  carried 
out  in  the  nucleus.  The  average  protective  effect  for  eight  pairs  of 
polyploid  species  differing  by  a  factor  of  two  in  chromosome  number  is 
1.67.53  However,  there  are  some  contradictory  results,  particularly 
for  polyploid  strains  of  yeast  and  the  wasp,  Habrob racon.  at  certain 
stages  of  development.  ** 


"Cells  not  actively  dividing. 

'“‘This  process  can  be  induced  artificially  by  using  the  biological¬ 
ly  active  chemical  colchicine.  It  is  of  use  in  producing  true-breeding, 
fertile  hybrid  species,  for  example. 

***Haploidy  is  a  special  condition  related  to  sporogenesis  in  plants 
or  zygogenesis  in  animals.  The  process  of  fertilization  (in  sexual  re¬ 
production)  results  in  haploid  cells  becoming  diploid,  wilh  contributions 
of  one  set  of  chromosomes  from  each  parent. 


INTERPHASE  CHROMOSOME  VOLUME 


FIGURE  1.5 

DOSE  PRODUCTION  GROWTH  AS  A  FUNCTION  OF  CHROMOSOME  VOLUME 


INTERPHASE  CHROMOSOME  VOLUME  (d 
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2.  Mitotic  cvcle  (growth  rate):  Mitosis  is  the  ordinary  process 
of  cell  division  involved  in  growth.  The  target-size  theory  is  consist¬ 
ent  with  the  hypothesis  that  the  shorter  the  mitotic  cycle — the  less  time 
between  cell  divisions — the  smaller  the  probability  of  damage  occurring 
during  the  ir.terphase  state  (between  successive  reproductions)  as  a  con¬ 
sequence  of  a  constant  level  of  exposure.  This  is  especially  relevant 
in  considering  the  effects  of  low-level  chronic  radiation,  where  damage 
to  the  nucleus  can  be  correlated  in  some  sense  to  the  amount  of  energy 
which  has  been  absorbed  by  the  nucleus  during  the  interphase  (quiescent) 
period.  This  hypothesis  has  been  tested  on  Pi  sum  sativum  (green  pea) 
by  using  temperature  to  control  the  duration  of  the  mitotic  cycle.  It 
was  found  that  the  percentage  of  cells — observed  just  prior  to  splitting 
(anaphase) — having  damaged  chromosomes  increased  with  cycle  duration. 55 
Thus,  other  things  being  equal,  one  would  expect  environmental  factors 
which  increase  the  rate  of  growth  or  of  recovery  to  decrease  the  proba¬ 
bility  of  damage.  However,  as  a  general  rule,  rapidly  growing  cells 
also  have  larger  nuclei  than  dormant  or  slow-growing  cells.  This  may 
provide  an  explanation  for  the  otherwise  contradictory  empirical  fact 
that  rapidly  growing  cells  are  more  (rather  than  less)  radiosensitive 
than  slow  growing  ones — which  is  the  basis  for  the  use  of  radiation  to 
destroy  rapidly  growing  cancer  cells. 


In  addition  to  the  factors  mentioned  above,  the  "fine  structu*e"  of 
the  nuclei  may  have  some  importance,  e.g.  the  number  and  position  of 
centromeres*  on  the  chromosomes,  the  amount  and  distribution  of  hetero¬ 
chromatin,  etc.  Similarly,  the  size  and  number  of  nucleoli  (small  gran¬ 
ules  inside  the  nucl  's,  whose  function  is  imperfectly  understood)  seem 
to  influence  radiosensitivity  slightly.  '  Variables  not  yet  identified 
may  also  be  found  to  affect  the  issue.  However,  evidence  is  accumula¬ 
ting  thct  these  factors  in  toto  are  of  relatively  minor  significance 
compared  "o  nuclear  volume — DNA  content  and  chromosome  number. 


The  sensitivities  of  cells  to  other  types  of  radiation  which  would 
be  associated  with  fallout  from  nuclear  detonations,  have  been  studied 
far  less  extensive'y  even  than  sensitivities  to  y-rays.***  M.  Heaslip 
has  attempted  to  compare  y-sens i ti vi ty  of  various  deciduous  tree  seeds 


'“The  centromeres  are  distinguishable  during  mitosis  (when  the 
daughter  chromosomes— chromat !ds--migrate  to  opposite  poles  of  the 
"spindle"  during  anaphase)  as  the  parts  which  start  first  and  lead 
the  way. 

"“Chromatin  is  the  chromosome-substance  in  the  cell  nucleus.  It 
has  two  components,  euchromatin  ("true"  chromatin)  which  apparently 
carries  the  genes,  and  heterochromotln,  whose  distinguishing  character¬ 
istic  is  that  of  being  easily  stained  and  made  visible  under  a  microscope. 

“"“Most  experiments  have  actually  used  the  y-rays  from  Co-60  which 
is  not  present  in  appreciable  amounts  in  fallout  and  whose  energy  spec¬ 
trum  is  qu!te  unlike  the  spectrum  of  average  fallout. 
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with  sensitivity  to  neutrons (from  the  Lockheed  reactor),  but  no  consistent 
pattern  emerges  from  the  preliminary  data.5"  A  more  thoroughgoing  test  has 
been  underway  at  Oak  Ridge  since  1963.  It  is  safe  to  say  that  differences 
either  way  by  a  factor  of  2  or  3  may  be  expected,  probably  depending  fairly 
strongly  on  energy.  As  regards  p-radiation,  there  has  not  been  an  adequate 
experimental  test  program,  even  though  accelerators  which  could  produce  ap¬ 
propriate  electron  energies*  are  widely  available. 


*For  example  the  decay  of  Sr-90  and  its  daughter  Y-90  produces  0.54  mev 
and  2.27  mev  electrons,  which  could  easily  be  simulated  by  a  Van  de  Graaf 
accelerator. 
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3.  Plants 

It  is  important  to  note  that  the  notion  of  radiosensitivity  as  applied 
to  complex  organisms  is  much  less  well-defined  than  as  applied  to  individual 
cells.  For  example,  the  concept  of  "lethal  dose"  is  somewhat  ambiguous  as 
applied  to  many  kinds  of  adult  plants,  seeds,  and  even  insects.  in  one  ex¬ 
periment  it  was  observed  that  irradiated  powder-post  beetles  (Lvctus  plani- 
col 1 i s)  revived  after  three  days  of  apparent  death,  which  posed  difficult 
problems  of  judgment  for  the  experimenters.^  Trees  defoliated  as  a  result 
of  long-term  chronic  doses  of  radiation  and,  apparently  dead,  have  been 
known  to  show  signs  of  life  when  the  radiation  source  was  removed.  It  is 
especially  difficult  to  know  the  precise  point  at  whichan  underground  root 
system  ceases  to  be  capable  of  vegetative  regenerat ion. “  All  attempts  to 
tabulate  data  on  plant  radiosensitivities  must  be  read  and  understood  in 
the  light  of  these  difficulties  (both  for  the  experimenter  and  the  tabula¬ 
tor).  The  graduated  set  of  responses  in  Table  1_3  leans  heavily  on  data 
compiled  by  Sparrow  and  Wood we  11.^ 

Empirically,  the  rate  at  which  the  radiation  is  absorbed  is  sometimes 
very  significant:  for  example,  Sparrow  and  Woodwell  noted  that  the  lethal 
dose  for  Pinus  strobus  (eastern  white  pine),  when  subjected  to  an  average 
of  20  roentgens  per  day  for  15  months,  was  over  9,000  roentgens;  while  an 
acute  exposure  of  only  600  roentgens  was  fatal  for  seedlings  irradiated 
over  a  16. 5~ hour  period.  The  computed  LDjqq  for  adult  pine  trees  is 
about  1000  R  (see  Table  1-4).  Similarly,  in  other  cases  there  will  be  a 
greater  or  lesser  difference  between  the  acute  and  chronic  lethal  doses, 
depending  on  how  fast  growth  and  recovery  processes  take  place.  In  the 
case  of  the  pine  tree  more  than  90%  of  the  damage  done  by  the  low-level 
chronic  radiation  was  presumably  actually  repaired  in  the  period  of  the 
experiment.  If  repair  mechanisms  were  faster,  the  difference  between 
chronic  and  acute  lethal  doses  would  be  greater  still. 

Since  the  accumulated  total  dose  from  fallout,  after  two  weeks,  ex¬ 
ceeds  90%  of  the  so-called  "infinity-dose,"  in  most  instances  it  is  prob¬ 
ably  reasonable  to  calculate  responses  as  though  most  of  the  dose  were  in¬ 
stantaneous.**  On  the  basis  of  direct  observation,  as  well  as  predictions 
derived  from  measurements  of  chromosome  number  and  nuclear  volume,  Table 
1-4  summarizes  the  probable  sensitivities  to  acute  doses  of  radiation  of 
many  of  the  important  plant  species.  The  numerical  values  given  have  not 
in  all  cases  been  measured  directly,  but  it  is  estimated  to  be  95%  proba¬ 
ble  that  the  correct  values  lie  within  +  25%  of  the  predicted  ones.  The 
data  is  from  Sparrow^ 

'•‘•'Stumps  of  American  chestnut  trees  "killed"  by  the  chestnut  blight  3C 
years  ago  sometimes  still  send  up  shoots--which  are  promptly  blighted  again. 
As  a  practical  matter,  of  course,  regeneration  from  root  stock  is  essen¬ 
tially  equivalent  to  regeneration  from  seed,  i.e.  a  'new"  plant  is  created. 

"" ‘Th : s  approximation  is  less  valid  in  the  case  of  long-deiayeo  fallout, 
where  most  of  the  radioactive  decay  has  already  occurred  by  the  time  it 
comes  down.  Such  a  situation  would  occur  tar  downwind  of  a  target. 
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Table  I-3 

Levels  of  .Symptomatic  Response 
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Symptom 


Radiation 


Other  Causes  Ref. 


1 .  Mild  growth  stimulation 


2.  Mild  growth  inhibition 
early  leaf  fall; 
early  cessation  of 
flowering; 

20-40%  reduction  in 
seed  production. 


Observed  in  some 
cases,  e.g. 
Arenar i a 


Observed  in  some 
cases,  especially 
pinus  spp. ,  after 
f  i  re. 


63 


10-20%  of  LD50  Typical  reaction  64,65 

to  hot,  dry  spell 
or  excessive  cold. 


3.  Moderate  growth  inhibition  20-50%  of  LD-q 
50%  retarded  leaf  devel- 
opment ; 

apical  buds  do  not  de¬ 
velop  but  lateral  buds 


(near  trunk)  do; 
40-80%  reduction  in 
flower  and  seed 
development; 
noticeable  (50-200%) 
increase  in  pest 
act i vi ty/reduced 
disease  resistance. 


65.66 

67,68 

Typical  symptom  of 
shock  following 
transplanting,  or 
severe  drought. 


Sometimes  follows 
severe  freeze 
(e.g.  citrus  trees) 
or  drought. 


4.  Severe  inhibition  >50%  of  LDrg 

1 00%  steri  I  i  ty; 
dormancy  (cambium  re¬ 
mains  green  but  no 
leaves  or  buds); 
discoloration  and 
defol i at i on; 
deformi t ies . 

stem  twisting  (not  a 
symptom  of  radiation). 


64,65 

66,67 

69 


May  fol low  fungal  , 
bacterial  or  virus 
i nfect ion  or  poi¬ 
soning. 

Heat  or  drought. 


NOTE:  The  LD^g  is  about  75%  of  LDjgg. 
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A  fact  which  has  only  recently  become  apparent  is  that  higher 
plants  are  typically  several  (e.g.  2-10)  times  less  resistant  to  ra¬ 
diation  administered  in  the  open  field  than  they  are  in  a  laboratory 
where  they  are  protected  from  other  environmental  insults. 70  This  lends 
support  to  the  notion  that  radiation  is  only  one  of  several  stress  fac¬ 
tors,  the  synergistic  combination  of  which  is  the  significant  parameter. 

The  vulnerability  of  plants  to  fallout  radiation  from  a  nuclear 
explosion  depends  on  various  factors  in  addition  to  y-sens  i  t  i  vi  ty.  Some 
particles  will  adhere  to  foliage  and  some  will  drift  down  to  the  ground, 
but  there  are  large  variations  as  well  as  uncertainties  as  to  how  much 
of  the  total  amount  will  do  which.  An  isolated  pine  tree,  for  example, 
might  intercept  relatively  few  particles,  due  to  the  spare  shape  and  low 
density  of  the  needles.  A  beech  tree  in  full  leaf  would  probably  inter¬ 
cept  virtually  all  of  the  fallout  (assuming  a  uniform  vertical  drift  with¬ 
out  much  air  turbulence),  just  as  it  intercepts  practically  all  (99%)  of 
the  raindrops.  The  same  tree  in  winter  would  intercept  essentially  none 
of  either.  Other  plants  would  intercept  different  fractions  under  dif¬ 
ferent  circumstances. 

The  retention  of  fallout  particles  on  foliage  has  been  a  subject  of 
considerable  controversy.  British  figures,  based  on  data  from  the  Wind- 
scale  disaster,  suggested  high  average  retention  (~  25%)  for  small  par¬ 
ticles.  U.S.  data,  based  on  Nevada  experiments,  suggested  the  reverse-- 
practically  no  retention  (~  .1%).  Recent  work  in  Costa  Rica,  using  the 
volcanic  ejecta  as  a  fallout  simulant,  seems  to  tend  to  confirm  the  British 
results  (although  final  reports  are  not  yet  available  at  this  time). 

These  differences  affect  the  actual  absorbed  y-dose  at  the  growing 
points  (meristems).  In  the  case  of  a  tall  tree,  fallout  adhering  to 
leaves  would  result  in  a  y-dose  rate  2  to  3  or  more  times  greater  than 
radiation  originating  at  ground  level,  due  to  altered  geometry  as  well  as 
the  shielding  of  air,  branches,  trunk  and  leaves.  Furthermore,  the  effec¬ 
tive  p-dose  due  to  fallout  intercepted  by  rhe  foliage  might  be  very  im¬ 
portant.  Other  relevant  factors  include  the  following: 


Large  woody  species  (e.g.  trees)  are  likely  to  be  relatively  less 
subject  to  damage  from  the  9-component  in  fallout  than  smaller  plants 
with  more  exposed  me ris terns,  due  to  the  thickness  of  the  protective 
outer  layers  of  tissue. 

Plants  havinq  large  surface/volume  ratios  may  be  relatively 
more  susceptible  to  9 -damage.  In  particular,  the  cross-sectional  area 
exposed  to  the  zenith  might  be  an  important  parameter.  Thus  spiky, 
narrow-leaved  plants  (r».q.  grasses)  offer  less  available  surface  than 
broad-leaved  plants  (e.g.  members  of  the  cabbage  family).  Th i ck- 1  caved 
plants  uny  be  less  susceptible  .ban  thin-leaved  plants.  Downturned 
leaves  or  Mowers  are  less  likely  to  catch  and  hold  fallout  material 

t  fi  in  up!  (irned  ones . 
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Consequences  of  y  or  @  damage  to  herbaceous  perennials  would  be 
temporary,  since  such  plants  die  back  to  the  ground  each  season  anyway. 
Consequences  to  herbaceous  annuals  would  be  equally  temporary,  provided 
seed,  labor,  etc.,  were  available  for  the  following  year's  planting. 

In  the  case  of  woody  perennials,  damage  would  have  more  lasting  results, 
depending  on  the  rate  of  growth.  Deciduous  trees  are  mostly  capable  of 
vegetative  reproduction  from  root  stock,  whereas  evergreens  do  not  nor¬ 
mally  regrow  in  this  fashion.  This  could  be  an  important  distinction. 
All  things  considered,  evergreens  appear  to  be  far  more  susceptible  than 
other  forms  both  to  direct  damage  and  (as  will  appear  later)  to  second¬ 
ary  effects  such  as  fire,  disease  and  insect  outbreaks. 
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4.  Insects 

In  the  case  of  insects  there  is  often  a  significant  variation  from 
one  stage  of  the  insect's  life  cycle  to  the  next.  During  the  stages  when 
cells  are  rapidly  differentiating,  some  insects  seem  to  be  sensitive  to 
instantaneous  doses  of  a  few  hundred  roentgens  or  less.  However,  resis¬ 
tance  increases  very  rapidly  with  maturity.  Adult  insects  seem  to  be 
quite  insensitive,  on  the  whole,  mainly  because  there  is  practically  no 
cell  replacement.  Instantaneous  doses  are  very  much  more  effective  than 
cumulative  doses.  Adult  insects  may,  however,  be  sterilized  by  radiation 
as  little  as  10%  of  the  lethal  dose.  The  well-known  use  of  sterilized 
males  to  eliminate  the  screwworm  fly,  Callltroga  hominivorax.from  Curacao*^3 
is  a  practical  application  of  this  fact.  There  is  some  slight  evidence 
that  insects  may  be  at  least  as  sensitive  to  g-radiation  and  several  times 
more  sensitive  to  neutrons  (per  unit  energy)  than  to  y-radiation,  as  are 
higher  animals.  To  the  extent  that  they  come  directly  in  contact  with 
fallout,  3-radiation  is  likely  to  be  much  more  important  for  insects  than 
Y-radiation  (the  reverse  of  the  situation  for  large  animals),  due  to  the 
fact  that  the  surface  3-dose  is  typically  as  much  as  forty  times  as  great 
as  the  y-dose.  Insects  with  hairy  bodies,  such  as  bees,  moths,  butter¬ 
flies,  etc.,  may  also  be  inclined  to  pick  up  some  fallout  particles,  as 
they  do  pollen,  and  carry  them  around  externally. 

Some  insects  will  also  presumably  ingest  fallout  in  their  food,  but 
the  amount  will  depend  on  their  habits.  Leaf  chewers,  such  as  grasshoppers, 
crickets,  caterpillar*.  bean  beetles,  adult  Japanese  beetles,  etc.,  are 
likely  to  be  most  subject  to  this  hazard.  Juice-sucking  insects  such  as 
aphids,  leafhoppers,  and  white  flies  may  ingest  less,  due  to  discrimina¬ 
tion  factors  in  the  plant.  Burrowing  insects,  such  as  bark  beetles, 
weevils,  maggots,  worms,  etc.,  are  probably  safest  from  both  external  and 
internal  3-doses.  Predatory  insects,  such  as  prayi ng  mant i s ,  lady 
beetles,  etc.,  will  receive  external  doses  comparable  to  those  of  their 
prey  and  will  ingest  amounts  proportional  to  the  quantities  retained  in 
the  tissues  of  the  prey.  insects  spending  their  larval  period  under¬ 
ground  will  get  much  smaller  doses  during  this  most  sensitive  stage  of 
the  life  cycle. 

The  relatively  sparse  infoimation  currently  available  on  sensitivi¬ 
ties  of  insects  to  radiation  is  summarized  in  Table  1-5.  A  much  more  com¬ 
prehensive  survey  is  to  be  published  in  the  near  future  by  Gustafson . 1 04 

The  over-all  vulnerability  of  insects  to  radiation  from  fallout 
depends  on  other  factors  as  well.  In  a  given  fallout  field,  different 
species  will  receive  radically  different  actual  doses  because  of  wide 
variations  in  their  morphology  and  life  habits.  Aphids,  caterpillars, 
scale  insects,  leaf  miners  and  leafhoppers  feeding  on  leaves  would  proba¬ 
bly  receive  substantial  3-doses,  for  example,  whereas  grubs,  weevils, 
borers  and  bark  beetles  would  be  relatively  protected.  Long  legs  or  hard 
shells  would  also  offer  some  protection  from  the  short-range  3“particles. 
Even  the  difference  between  the  dose  received  on  the  top  of  a  leaf  versus 
the  dose  received  on  the  underside  could  Le  significant. 
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Predaceous  or  parasitic  insects  such  as  dragonflies,  May  flies,  aphid 
lions,  lacewings,  and  lady  beetles  would  probably  be  somewhat  less  subject 
on  the  average,  than  most  of  their  prey  to  direct  external  contact  with  B- 
emitters.  (The  situation  as  regards  internal  dosage  is  unclear,  and  de¬ 
pends  on  the  operation  of  discrimination  mechanisms  in  the  metabolisms  of 
the! r  prey.) 

Unti1  more  radiosensitivity  data  are  available  on  insects  it  appears 
that  insect  populations  will  be  comparatively  vulnerable  to  sterilizing 
doses  of  0-radiation.  The  more  protected  species  such  as  bark  beetles  are 
the  least  likely  to  suffer  any  ill  effects. 


Table  l~5 

jfad/rerabi 1 i tY  and  Sensitivity  of  Arthropods  (including  Insects) 
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All  of  the  above  Hexapoda  have  simple  or  incomplete 
metamorphosis.  The  following  members  of  the  class 
have  a  more  complex  metamorphosis. 


Relevant  Factors  Affecting  Over-all  Insect 

Order.  Fani Iv  Vulnerability  Including  Specific  Radiosensitivities 
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I  an i co 1 1 i s  (powder-post  beetle)  Same  as  for  Anobium  punctatum  eggs.  90%  of  the 

adults  died  within  7  days  at  64,000  R. 
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inn  sterilization  dose  from  X-rays  ranged  from 
2,500  R  for  male  pupae  to  5,000  R  for  female  pupae. 
Pupae  vulnerable  to  ^-radiation  on  ground.  Larvae 
probably  not  vulneraBJe  to  doses  which  would  spare 
host. 
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5.  Vertebrates 


In  the  case  of  chronic  radiation,  life  shortening  can  be  predicted 
(in  principle)  by  computing  the  cell  replacement  rates  for  various  physio¬ 
logical  functions,  and  the  cell  destruction  rate  due  to  the  radiation. 

Since  natural  aging  is  presumably  a  function  of  the  degree  to  which  cell 
replacement  fails  to  keen  up  with  "dartand,"  chronic  irradiation  can  be 
thought  of  as  an  artificially  stepped  up  aging  process.  These  considera¬ 
tions  have  been  c.-ed  to  predict  effects  on  large  mammals. ^2  The  somatic 
effects  of  radiation  on  humans,  including  life  shortening,  carcinogenesis, 
and  genetic  problems,  have  been  discussed  exhaustively  elsev/here 123 
and  we  shall  not  comment  further  on  this  matter. 

Sensitivities  of  complex  organisms  to  acute  radiation  are  determined 
by  the  component  cells  in  the  organism  which  are  most  radiosensitive  and 
slowest  to  reproduce  among  those  types  whose  metabolic  functions  are  crit¬ 
ical  and  cannot  be  by-passed  or  dispensed  with,  even  temporarily.  Clearly 
the  organises  capability  for  regenerating  the  damaged  tissue  must  be  taken 
into  account,  especially  for  chronic  or  sublethal  doses.  The  mo^t  sensitive 
part  of  the  human  organism  (in  the  above  sense),  and  presumably  of  most 
other  mammalian  species,  is  the  hematopoietic  (blood-forming)  tissue  in  the 
bone  marrow,  without  which  the  organism  soon  loses  its  ability  to  defend 
itself  against  attacks  by  microbes.*  Death  resulting  from  "radiation  disease" 
(of  mammals)  is  usually  due  to  a  massive  generalized  parasitic  infection 
of  the  whole  body  at  once.  However,  in  considering  widely  dissimilar 
organisms,  e.g.  plants,  insects,  invertebrates,  etc.  .,  the  mammal  ian  example 
is  not  necessarily  a  good  guide,  and  the  proximate  cause  of  radiation  death 
is  likely  to  vary  from  order  to  order,  if  not  from  species  to  species.  To 
date,  many  of  these  detailed  mechanisms  have  not  been  thoroughly  studied. 

In  passing,  we  should  point  out  that  there  are  some  factors  which  can 
apparently  alter  the  degree  of  susceptibility  in  mammals.  The  oxygen  level 
in  the  blood  stream  seems  to  be  important.  This  suggests  that  a  lowered 
rate  of  metabolism  (e.g.,  lowered  body  temperature)  could  offer  some  pro- 
tection.  Considerable  research  is  now  in  progress  to  determine  whether 
susceptibility  can  be  substantially  reduced  by  means  of  various  chemicals.  4 
Several  thousand  compounds  have  been  tested  in  a  major  government 'sponsored 
effort  directed  by  Walter  Reed  Army  Institute  of  Research.  The  heterocyc¬ 
lic  mercaptoamines,  particularly  g-mercaptoethy lamine,  appeared  most  effec¬ 
tive.  Twofold  or  threefold  protection  without  "undue"  toxicity  has  been  dem¬ 
onstrated  with  laboratory  animals,  but  onl,'  under  carefully  controlled  con¬ 
ditions.  Moreover,  seme  post-exposure  treatment  is  also  reportedly  beneficial 
where  pre-exposure  protection  has  been  given,  especially  at  higher  levels  of 
irradiat  ion.!2t»  None  of  the  known  treatments  is  particularly  promising  for 
application  to  humans,  at  present  writing. 


’'The  epithelial  cells  lining  the  intestines  are  the  next  most  sensl- 
t i ve  qroup . 
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Curiously  enough  there  is  some  surprising  evidence  of  a  substantial 
difference  in  radiosensitivity  between  morning  and  night  (for  laboratory 
rats  an''  the ti zed  with  sodium  pentobarbital).  Twenty  animals  (in  four 
different  groups)  given  900  roentgens  at  9  p.m.  all  died  within  13  days, 
whereas  twenty  animals  in  four  groups  given  the  same  dose  at  9  a.m.  were 
all  still  alive  and  apparently  healthy  130  days  later.  The  experiments 
have  not  been  confirmed  elsewhere  to  the  author's  knowledge,  and  their 
significance  is  therefore  ques  ionable.126 

One  other  result  which  is  apparently  well  established  although  of 
doubtful  importance,  is  the  fact  that  animals  raised  in  germ-free  environ¬ 
ments  are  substantially  less  susceptible  to  radiation  than  animals  in  vivo. 
Typically  the  LD^q  for  germ-free  animals  is~  10%  higher  than  the  LO5Q  f°r 
their  contaminated  brethren. 127 


Table  1"6 


Radiation  Sensitivity  of  Higher  Vertebrates  to  AcutevPoses 


128,129,130 


LD^q/30  Days 

Species 

Absorbed  Dose  (rads) 
Air  Dose  (R)  at  Midcenter 

Class  Amphibia 
Order  Anura 

Fami ly  Ran idae 
Rana  spp.  Tf rog ) 

Order  U rode la 

Fami ly  Salmandr idae 
Triturus  spp.  (newt) 

Class  Rept ilia 
Order  Che  Ionia 

Fami ly  Testudinidae 

Testudo  spp.  (tortoise) 

Class  Aves 

Order  Col  urn i formes 
Fami ly  Columbidae 

Co  1 umba  spp.  (p i geon )  920  -  160 

Order  Passeriformes 

Family  Ploce idae  (African 

weaver  finch)  1060  -  100 

Order  Psi t tael  formes 
Fam i I y  Conu ropsis 

Conuropsis  carol linens  is  v 

(parakeet )  1800  -  75 

Order  Ga 1 1 i formes 
Family  Phasianidae 

Callus  domes ticus  (chicken) 


700 

3000 


1500 


600  (ma  les) 
1000(fema les) 


700  t  100 
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Class  Mamma  I  j a 
Order  Cam  ivora 
Fami ly  Canidae 

Can  is  f am i 1 i a  r i s  (dog) 

Order  Rodent! a 

Fam i I y  Cricetidae 

M;crotus  spp.  (mouse) 

Fam i 1 y  Cavi idae 

>  Cavia  porcel lus  (guinea  pig) 
Fami ly  Mur idae 

Rattus  spp.  (rat) 

Order  LaQomorpha 
Family  Lepor idae 

Oryctolaqus  cun i cuius  (rabbit) 
Order  Primates 
Fami ly  Cebidae 

Cebus  spp.  (monkey) 

Fami  ly  Horn i r. i d~e 

Homo  sapiens  (mar.) 

Order  Art iodactyla 

Fami ly  Bov idae  (Ruminant ?a) 

Bos  taurus  (cattle) 

Ovis  spp.  (sheep) 

Capra  spp.  (goat) 

Fami ly  Suidae 

Sus  spp.  (swine) 

Order  Per issodactyla 
Fami ly  Equ idae 

Equus  asinus  (burro) 


I-4J 


280 

250 

440 

640  (705  germ-free) 

340 

450 

640 

714 

800 

750 

760 

550-600 

450  ? 

300? 

.540  +  25 

520 

200 

350 

240 

f  600+80 (y) 

\  490+1 0(y+n) 

250 

650+30 

r  255  W) 

i  375 (Y*n) 

The  absorbed  dose  at  midcenter  may  be  taken  as  representative  of  the 
dose  received  by  all  body  tissues.  For  large  animals,  the  midcenter  dose 
is  smaller  than  the  air  dose,  due  to  scattering  and  shielding  by  the  outer 
parts  of  the  body.  Near  the  surface,  on  the  other  hand,  only  the  back** 
scatter  is  significant  and  the  absorbed  dose  tends  to  be  slightly  larger 
than  the  air  dose.  In  the  case  of  smaller  animals,  the  latter  phenomenon 
results  in  the  absorbed  dose  at  midcenter  being  greater  than  the  air  dose. 

In  a  few  cases  where  doses  have  been  given  from  sources  with  quite  differ¬ 
ent  energy  characteristics  (e.g.,  X-rays,  0,75  Mev  y's,  1,25  Mev  y*s,  etc.), 
fairly  wide  variations  have  been  noted  in  sensitivities  (+  20%), 
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6.  Radio-nucl  i de-  Cycling 


The  cycling  process  which  lead* 
in  human  diets  has  been  invest igatwn 
about  atmospheric  testing  of  nuciear 
terest  is,  of  course,  on  much  higher 
follow  a  nuclear  war. 


to  the  appearance  of  Sr-90  and  C s- 1 37 
under  the  stimulus  of  public  concern 
weapons. '31  Our  present  focus  of  in¬ 
levels  of  contamination,  such  us  might 


The  importance  of  Sr-90  stems  from  Sts  long  physical  half-life  (27.7 
years)  and  the  long  biological  residence  time  of  the  fraction  which  is  in¬ 
corporated  in  new  bone.  As  Table  1-1  shows,  it  is  a  ^-emitter  which  means 
the  radiation  is  not  penetrating.  However,  Sr-90  is  chemically  similar  to 
calcium,  and  some  of  it  becomes  incorporated  in  permanent  bone  structure. 
Hence  the  Sr-90  tends  to  concentrate  just  where  it  can  do  most  damage  to 
borne  marrow  where  the  blood-forming  (hematopoietic)  cells  are  located. 


As  stated  earlier,  contamination  of  edible  plant  parts  may  be  of  two 
kinds:  (a)  foliar  retention  and  absorbtion  aru  (b)  uptake  via  roots.  The 
magnitude  of  the  foliar  contribution  depends  on: 

1.  The  rate  of  deposition  of  particles  of  world-wid  fallout  ($  25u 
radii)  which  come  down  over  a  period  of  years. 

2.  The  fractional  retention  of  fallout  by  foliage. 

3.  The  "initial"  solubility  of  the  Sr-90  atoms  in  the  fallout,  i.e. 
the  fraction  which  will  dissolve  during  the  retention  time. 

4.  The  rate  of  direct  absorbtion  into  the  leaves,  which  appears  to 
vary  somewhat  according  to  the  cuncentrat ion  of  chemically  simi¬ 
lar  atoms  in  the  soil.  Thus  Sr-90  will  be  absorbed  less  readily 
if  the  soil  is  calcium-rich,  and  vice  versa. 

5.  The  internal  metabolic  transfer  of  contaminants,  e.g.,  from 
leaves  of  items  to  fruit  or  seeds. 

6.  Amount  remaining  externally  on  edible  portions— not  translocated. 


Uptake  from  soil  via  roots  is  related  to  the  following: 

1.  Sr-90/Ca  rotio  and  absolute  Ca  availability  in  the  soil.  Sr-90 
is  taken  up  very  readily  where  so:l  Ca  is  low,  less  so  where  Ca 
is  adequate, 

2.  The  long-term  solubility  of  the  Sr-90  atoms  on  the  fallout  particles. 
Sr-90  actually  incorporated  into  the  glassy  s i I ica-alumlna- Iron  ma¬ 
trix  of  condensed  liquid  soil  will  probably  be  unavailable  during 
the  time  s^ans  of  interest  except  where  weathering  is  extreme,  as  In 
stream  beds,  ton-exchange  interactions  In  the  soil  may  also  tie  up 
some  of  the  Sr-90  in  insoluble  form. 

3.  Internal  transfer.  Some  plant  parts  accumulate  calcium  (and 
hence  Sr-90)  while  others  do  not. 


HI-518-RR 


1-43 


The  rate  of  faliout  deposition  is  determined  by  the  residence  time 
of  dust  in  the  stratosphere.  On  the  basis  of  atmospheric  sampling 
studies  conducted  by  Isotopes  Inc.  and  the  Defense  Atomic  Support  Agency 
(DASA),  the  half  removal  times  for  radioactive  debris  in  the  stratosphere 
range  up  to  about  60  months  for  the  highest  layers  (above  4 5  km.)  J32  The 
rate  of  fal lout  depos i tion  decreases  by  a  factor  of  roughly  2  each  year. 

After  5  years,  the  amount  deposited  in  a  year  would  be  only  about  \%  of 
the  amount  already  accumulated.  Three-fourths  of  the  fallout  is  deposited 
in  the  hemisphere  where  it  originated  (presumably  the  northern),  and  about 
one-fourth  in  the  temperate  (high  rainfall)  zones  between  30°  and  45°  N. 
lat i tude--which  includes  the  N-S  limits  of  the  CONUS.  Thus  roughly  2.5% 
of  the  total  world-wide  fallout  would  be  expected  to  descend  inside  the 
United  States  ?t  an  average  rate  beginning  at  about  1%  per  year  and  drop¬ 
ping  by  a  factor  of  2  or  so  each  succeeding  year.  The  fraction  of  Sr-90 
in  world-wide  fallout  would  be,  according  to  previous  assumptions,  about 
50%  of  the  total  amount  produced,  or  50,000  curies  per  MT  (fis-ion).  A 
war  involving  20,000  (fission)  MT's  on  both  sides  would  inject  109  curies 
of  Sr-90  into  the  stratosphere,  of  which  around  107  curies  would  descend 
on  CONUS  in  the  first  year  and  decreasing  amounts  each  successive  year. 

This  amounts  to  3.3  C/mi2  the  first  year  at  a  location  with  average  rainfall. 

The  fractional  retention  on  pasture  has  been  estimated^  to  oc  on  the 
order  of  25%,  depending  on  detail  on  the  plant  configuration  and  particle 
size.*  Smaller  particles  (coming  down  later)  would  be  retained  longer, 
hence  the  contr i but  ions  from  the  2nd,  3rd,  and  4th  years  might  still  con¬ 
tribute  non-negl igible  fractions  of  the  first  year  amount.  Initial  solu¬ 
bility  (i.e.,  within  the  residence  time  on  foliage)  is  estimated  by  Russell 
and  Burton  to  be  50%  for  delayed  fal lout J34  Thus  over-el!  availability, 
the  product  of  retention  anc  solubility,  would  be  something  like  12.5%. 

Miller  has  made  some  preliminary  attempts  to  devise  empi r ;ca’ 'phenom¬ 
enological  models  handling  all  of  these  variables.  Some  worthwhile  results 
have  been  obtained,  although  the  calculations  are  lengthy  and  require  the 
use  of  computers. 135 

’'Since  most  late  fallout  comes  down  in  conjunction  with  rainfall,  the 
fraction  retained  on  the  foliage  would  seem,  as  a  first  approx imat'on,  to 
be  roughly  equal  to  the  fraction  of  total  precipi tat  ion  which  remains  on 
leaf  surfaces  and  is  either  absorbed  directly  or  evaporates.  The  fractional 
retention  may  be  increased  in  some  insfances  where  leaf  surfaces  a-e  espe¬ 
cially  adapted  to  trapping  small  particles  (c.g.,  by  mea.ts  of  fine  h*>rs) 
but.  this  mechanism  seems  likely  to  be  of  secondary  importance,  light  pre¬ 
cipitation  in  the  form  of  fog,  mist  or  drizzle  may  simply  wet  the  surface 
of  leaves  ;,nd  stems,  whereas  heavier  rainfaP  (or  snowfall)  mostly  reaches 
the  ground  and  either  soaks  In  or  runs  off  the  surface.  There  are  wide 
variations  in  type  of  prec ipi tat  ion  from  place  to  place,  and  retention  on 
foliage  may  vary  over  most  of  the  range  between  zero  and  a  hundred  per  cent. 
The  25%  figure  quoted  cannot  be  safely  generalized,  since  it  is  Hard  to  see 
how  to  arrive  at  a  meaningful  "average"  over  the  different  possibilities. 

Sec  also  discussion  in  section  I  of  ihis  chapter. 
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A  less  ambitious  method  of  correlating  past  experience  of  Sr-90  contam¬ 
ination  of  foodstuffs  (due  to  nuclear  weapons  testing)  to  hypothetical  future 
situations  is  to  use  an  empirical  formula  to  correlate  observed  concentrations 
Q}*)  of  a  food  (k)  with  the  observed  rate  Fr  and  cumulative  total  deposition 
in  the  soii  Fc 

^(k)  „  A^Fr  +  B^)fc 

where  aM,  bM  are  coefficients  which  are  deduced  by  fitting  the  above  in 
a  rather  ^  he-  manner  to  the  statistical  data.  The  product  AFr  represents 
the  contribution  due  to  direct  contamination  of  foliage.  BFC  represents  the 
uptake  from  the  soil.  Determinations  of  A,  8  have  been  made  by  Knapp; *36 
Burton,  Milbourn  S-  Russell ;'37  Kulp  and  Schulert;^8  and  by  the  Report*  of 
the  U.N.  Scientific  Committee  (1962  and  1964).  The  last  two  studies  appar¬ 
ently  supercede  the  earlier  ones.  For  ease  of  comparison,  we  express  both 
sets  of  results  in  familiar  units:  Fr  is  measured  in  mC/mi^/year,  Fc  is  in 
mC/mi?,  and  Q  is  measured  in  strontium  units  (s.u.  *  p4*C  of  Sr-90  per  gram 
of  calcium). 

Table  1-7 

Sr-90  Con  tarn  mat  Ion  of  Various  Foods* 


Rate  Factor  (A) 
(s.u^C/mi^/vrl 


Cumulative  Factor  (B) 


*  *  «  *  IX, 

U.S. A. 

0.25 

0.097 

U.K. 

0.32 

0.075 

Value  adopted 

0.29 

0.11 

Green  vegetables 

-0.4 

~0.4 

Root  crops 

0.0 

-0.4 

Cereals  (unmilled) 

7.2 

-0.2 

Cereals  (milled) 

2.5 

-0.2 

The  coefficient  for  meat  (muscular  tissue)  is  noi  normally  measured 
but  assuming  the  animal's  diet  consists  largely  of  green  vegetation,  a  meta¬ 
bolic  discrimination  factor  of  at  least  4  can  be  assumed^?  which  would 
suggest 

g(meat)  *  o.l 


To  convert  from  a  calculation  of  contamination  level  *  in  terms  of 
strontium  units,  to  dietary  intake  of  Sr-90  the  fractional  contribution 
of  each  category  of  food  (measured  i-  Calories  or  some  other  appropriate 
way)  must  be  multiplied  by  the  ratio  of  calcium  content  to  energy  value 
(Cal  c  1  u<n  In  mg/Cal.)  or  an  equivalent  measure. 


^Values  in  the  original  (U.N.  report)  are  given  in  units  of  square 
kilometers  Instead  of  square  miles.  Values  adopted  were  based  partly  on 
data  for  countries  other  than  the  U.S.  and  U.K. 
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Table  l-g 

Sources -Qf  .Dietary,  CaJcium 


140 


Food 

Who 1 e  milk 
Green  vegetables 
Root  crops 
Cereals 
Meat 


Calcium  (mo)/Ca1. 

1.75 

-3.5 

0.25  “  1.0 
-0.1 
-0.04 


Assessments  of  the  Sr-90  problem  to  date  have  largely  concluded  that 
the  major  contribution  to  dietary  contamination  is  from  foliar  uptake, 
which  is  proportional,  as  has  been  pointed  out,  to  the  rate  of  deposition. 
One  piece  of  evidence  in  support  of  this  is  the  fact  that  the  coefficient  A 
is,  in  most  cases,  considerably  (e.g.,  five  times)  larger  than  the  coeffi- 
cient  0  (see  Table  1“7), 

If  all  weapons  were  detonated  in  the  atmosphere  this  conclusion  might 
well  be  valid  for  nuclear  attack  also.  However,  in  the  event  of  an  attack 
involving  a  large  number  of  groundbursts,  the  relative  importance  of  the 
"cumulative"  contribution  would  be  increased,  compared  to  the  "rate"  term, 
because  of  widespread  distribution  of  local  fallout. 

It  has  sometimes  apparently  been  assumed  that  Sr-90  in  iocal  fiill*3ut 
would  be  largely  insoluble  and  thereiore  unavailable  to  plants.  The  solu¬ 
bility  question  has  been  discussed  previously  and  it  was  concluded  that 
beyond  the  1000  R/hr  (at  1  hr)  isodose  contour  there  might  be  an  upper 
I  iir  i  t  of  about 


88  C/mi 2  soluble  Sr-50 
KT/m i2 

in  the  local  fallout  region  outside  of  the  blast  area.  Assuming  a  5O-5O 
division  of  ir~90  activity  between  local  and  world-wide  fallout,  practi¬ 
cally  all  the  Sr-90  eventually  deposited  on  the  CONUS  would  be  attributa¬ 
ble  to  the  former,  the  world-wide  component  being  diluted  by  being  spread 
over  much  of  .he  Northern  Hemisphere.  Assuming  one-fourth  of  the  world¬ 
wide  total  falls  in  the  north  temperate  /one  (between  30°  and  45°  N.  lati¬ 
tude),  a  little  arithmetic  shows  -hat  the  relative  dilution  would  be  about 
1:50.  assuming  equal  availability'  to  plants.* 

For  a  groundburst  attack,  then,  1  5  to  I  intrinsic  ratio  favoring  a(4) 
over  Is  co*pi  nested  by  the  !  to  *0  ratio  In  favor  of  the  fallout  of 

local  or  gin,  which  comes  down  within  a  few  hours  and  therefore  contributes 
primarily  via  the  sol f  uptake  route.  Hence  wo  conclude  that  the  coefficients 
a(*0  and  B'*)  are  ,»ot  equally  important,  but  that  the  latter  dominate. 

"*Thu  s  a  SOI  long-term  so. utility  in  the  local-fallout  region  where 
absorption  is  via  foots  would  bt  equivalent  to  a  50-  short-term  solubil¬ 
ity  for  delayed  fallout,  which  is  absorbed  through  foliage. 
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II  all  die*  I  ary  calcium  were  obtained  through  lootl  the  safest  sources 
would  be  animal  products  such  as  meal  and  milk.  In  view  of  the  further 
consideration  that  it  is  apparently  both  feasible  and  relatively  inexpen¬ 
sive  to  remove  90-957  of  the  Sr~90  from  liquid  milk,  the  advantages  are 
even  clearer.  Ideally  in  a  poslattack  environment  one  might  wish  to  de¬ 
vise  a  diet  containing  as  little  natural  calcium  as  possible  (except  from 
milk)  and  to  provide  as  much  purified  supplementary  mineral  calcium  as 
possible.  These  points  are  discussed  at  greater  length  in  Chapter  VIII. 


An  attack  resulting  in  I  KT/mi^  (fission  products)  averaged  over  a 
given  area  would  result  in  ~  90  C/m i ^  of  "available"  Sr~90  for  the  soil 
uptake  route  and  perhaps  2  C/mi2  of  "available"  Sr  SO  for  the  foliar  up¬ 
take  route.  Since  the  coefficients  in  the  latter  case  are  higher,  this 
would  be  equivalent  to  ~  10  C/mi 2  by  the  soil  uptake  route.  Milk  pro¬ 
duced  by  cows  grazing  in  such  an  area  would  be  contaminated  on  the  aver¬ 
age  to  a  level  of  about  10,000  s.u.:  grain  would  be  twice  as  heavily 
contaminated,  root  crops  and  vegetables  four  times.  The  average  for  a 
mixed  U.S.-type  diet  in  which  more  than  50*/,  of  the  calcium  comes  from 
milk  might  be  I5.C00  to  18,000  s.u. 

The  danger  of  ingestion  of  Sr-90  arises  primarily  from  its  bone-seek¬ 
ing  character  i  st  ics.  In  the  case  of  a  single  dose,  perhaps  less  than  3% 
of  the  isotope  taken  into  the  body  of  an  adult  would  become  permanently 
incorporated  into  the  bones,  the  rest  being  excreted  over  a  period  ranging 
fraii  weeks  to  a  few  years.  The  percentage  retained  would,  of  course,  be 
higher  for  children.  However,  if  the  diet  should  contain  the  same  propor¬ 
tion  of  Sr-90  year  after  year,  the  amount  in  the  skeleton  would  gradually 
build  up  toward  an  equilibrium  level.  The  actual  biological  discrimina¬ 
tion  factor  against  Sr-90  in  favor  of  calcium  cuts  the  fraction  retained 
to  at  most  20  or  257.  of  the  fraction  in  the  diet.  Thus  infants  brought  up 
on  a  poslattack  diet  containing  15,000  s.u.  of  Sr-90  might  be  found  to  have 
a  maximum  of  about  3,000  s.u.  in  their  bones.  The  percentage  retained  in 
older  children  or  adults  would  be  smaller,  depending  on  the  age  at  the 
t ime  of  ingest  ion. 

Assuming  the  Sr-90  is  uniformly  distributed  in  the  skeleton,  the  ini¬ 
tial  (equilibrium)  annual  effective  dose  (in  rem)  for  each  thousand  s.u. 
would  be  roughly  as  foMowsJ^ 


caupact  bone:  2.7 
spongious  bone:  0,9 
"average"  bone:  2.5 
"average"  marrow":  1.0 


Oose  rates  in  sane  skeletal  regions  would  be  higher  due  to  non-uniformi¬ 
ties  of  various  kinds.  An  initial  level  of  I  KT/mi^,  leading  to  around 
3,000  s.u.  in  new  bone  would  result  in  a  dose  rale  in  the  marrow  cavity 
ol  the  order  of  3  rem  per  year. 

To  estimate  lifetime  dose  one  must  allow  for  the  spontaneous  radio¬ 
active  decay  of  the  nuclide  by  about  2.5‘  per  vear,  for  the  gradual  loss  of 

'This  is  strongly  dependent  on  cavity  si/e  and  con  I igur at ion ,  as  well 
.is  non-tin  i  I  orm  i  l  ies  in  calcium  deposits,  etc.  Local  regions  of  much  higher 
dose  rates  are  to  be  expected. 
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Sr-90  from  the  external  (soil)  reservoir — after  any  artificial  decontam¬ 
ination — due  to  leaching  and  uptake  bv  plants,  and  for  gradual  elimina¬ 
tion  from  the  body.  Assuming  the  external  "reservoir"  of  Sr-90  is  de¬ 
pleted  by  I  or  2%  per  year,  there  is  probably  enough  metabolic  turnover, 
due  to  exchange  processes  and  bone  resorption  (l-10%)_,  to  maintain  the 
equilibrium  (onceestabl ished,  e.g.,  in  infants  born  after  the  attack), 
between  internal  and  external  environments.'^  Taking  into  account  the 
other  two  processes,  one  would  expect  an  annual  decrement  (in  the  range) 
o'*  3.5“4.5%.  For  convenience  we  assume  4%. “  The  total  dose  over  a  70- 
year  period  would  therefore  be  given  by  the  initial  annual  dose  rate 
rrultiplied  by  the  factor* 

-I-[l  -  exp (-2. 8) J  a  23.5 

In  the  standard  case  (3000  s.u.  «>  3  rem/ year  initial  bone  marrow  dose  rate), 
the  total  lifetime  dose  would  therefore  be  ~  70  tern.  Summarizing  the  entire 
chain  of  derivations  up  to  this  po?nt,  we  have: 

I  KT/mi2  (fission  products) 

»>  80  C/mi 2  soluble  Sr-90 

~>  15,000  s.u.  in  average  (U.S.)  diet 

=>  3,000  s.u,  in  new  bone 

a>  3  Km^year  r:ean  initial  equilibrium  bone  marrcw  dose 
70  rem  mean  lifetime  bone  marrow  dose 

The  degree  risk  from  bone  cancer,  leukemia,  aplastic  anemia  and  other 
known  hazards  is  still  a  subject  of  controversy.  The  1958  U.N.  re- 
portl^3  offers  the  figure  of  1,5  cases  of  leukemia  per  year  per  million 
population  per  rem  (in  bone  marrow)  from  a  single  exposure,  or  22  deaths 
spread  over  15  years  (considered  the  period  of  risk).  Assuming  thf?  risk 
from  repeated  exposures  is  cumulative  with  a  linear  dose- incidence  rela¬ 
tionship,  and  allowing  for  the  above-mentioned  exponential  decay,  the  leu- 
kemogenetic  rate  for  individuals  born  after  the  attack  would  presumably  be 
in  the  neighborhood  of  1150  per  million  of  population. 

An  alternative  hypothesis  also  discussed  in  the  (1958)  U.N.  study  is 
that  leukemia  might  result  If  the  total  lifetime  dose  exceeded  a  threshold 
of  400  rem**  at  any  point  in  the  bone  marrow.  Owing  to  irregularities  and 
non-uniformities,  it  was  estimated  that  the  maximum  dose  rate  would  be  roughly 
five  times  the  mean  rate,  or  5  rem  per  thousand  s.u.  Assuming  a  mean  con¬ 
tamination  level  of  3,000  s.u.  for  new  bone  as  above,  the  maximum  lifet’me 
(70  years)  do.,e  would  be  over  3*50  rem,  correspond* ng  to  a  mean  bone-marrow 
dose  ot  70  rum.  On  the  basis  of  this  model,  the  only  persons  who  would 


^Obtained  by  Integrating  an  exponential  function  over  the  range  0-70 
years, 

**0 ne  can  argue  that  this  figure  is  much  too  low.  A  number  of  Indi¬ 
viduals  have  certainly  survived  accidental  acute  doses  of  400  rem  or  more, 
(confined,  perhaps,  to  an  isolated  par;  of  the  body)  without  contracting 
leukemia  or  cancer.  Chronic  doses  are  known  to  be  much  less  effective  In 
inducing  cancer  than  acute  doses.  The  1%2  and  1964  U.4.  reports  do  not 
confirm  (nor  repudiate)  the  figure.  Certainly  one  cannot  put  much  trust 
in  it. 
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eventually  contract  leukemia  would  be  those  who  ingested  more  than  150% 
of  the  quantity  of  Sr-90  found  in  the  average  diet,  but  presumably  more 
than  0.1%  of  the  population  would  be  in  this  group. 

The  two  hypotheses  evidently  lead  to  startlingly  different  projec¬ 
tions.  There  is  relatively  little  solid  experiments!  evidence  on  which 
to  base  a  choice  between  the  two,  or,  indeed,  any  other  model  permitting 
extrapolation  to  high  levels  of  contamination.  On  theoretical  grounds, 
however,  it  is  worth  remarking  that  the  two  divergent  hypotheses  can  be 
treated  essentially  as  special  cases  of  a  more  general  model  in  which 
susceptibility  to  leukemia,  thought  of  as  a  variable  characteristic  of 
the  htmac  population,  is  assumed  to  have  some  intermediate  distr  ibi  tion. 
Mortality  is  then  the  sum  of  all  fractions  of  the  population,  susceptible 
to  doses  less  than  or  equal  to  D.  The  linear  dose- incidence  function 
correspond;  to  a  flat  (i.e.  constant)  susceptibility  distribution:  for 
a  lifetime  dose  between  D  and  0  ♦  50  a  fraction  e  of  the  population  con¬ 
tracts  leukemia,  where  e  is  constant  (independent  of  0).  The  threshold 
model  implies  a  step-function  dose- incidence  curve:  for  a  lifetime  dose 
less  than  0o  nobody  contracts  the  disease,  while  above  this  level  100%  of 
the  population  contracts  ?t.  The  susceptibility  distribution  implied  in 
this  case  is  the  sc-called  "del ta- f unction,’ '  namely  a  function  which  is 
zero  everywhere  except  at  one  point  (D0)  where  it  is  infinite,  but  in 
such  a  way  th;.i  i  s  integral  is  unity. 

In  fact,  £  more  reasonable  assumption  than  either  of  the  foregoing 
is  that  the  su'.cepti bi  I i ties  of  the  population  (as  a  function  of  life¬ 
time  maximum  bone  narrow  dose)  are  distributed  according  to  a  log-normal 
form:* 


S(D)  i0  •  — — JL -  exp T-  -1»  (In  D/0o)2  i  d  In  0 

/STTa  1  2o?  °  J 

where  0  Is  the  center  of  the  distribution  (presumably  numerically  equal 
to  about  400  rem  maximum  or  60  rem  mean  lifetime  bone  marrow  dose)  and  a 
is  an  undetermined  parameter  characteristic  of  the  population.  The  integral: 


f  S(0^d0  -  I 
0 

Independent  of  the  value  of  o.  In  the  Mmit  a  — ►  o  it  is  easily  verified 
that  S(0)  is  mathematically  equivalent  to  a  delta- funct ion  centered  at 
0  «  Do,  whence  we  obtain  the  "threshold"  model  as  one  limiting  case.  In 
the  other  extreme  case,  o  — «,  It  can  be  seen  that  S(0)  oeccmes  flatttr 
and  flatter,  gradually  approach. eg  an  (infinitesimal)  constant  value  every¬ 
where*  This  corresponds  to  a  linear  mortality  function  with  an  infinites¬ 
imal  slope,  A  finite  s»upa  Is  obtained  by  chopp i so  rff  th$  distribution 
at  some  finite  u p#csr  . im ' t  (sec  *iqures  |%$  and  1,9).  ^ 

«mjhmmwmb*wwmhh  .  earn— — m  iwr  wwwwwwweiBw— ww>— 

*The  so-ce i led  "not^t"  o*  >**u»sian  attribution  is  the  **ost  natural 
cm  to  assume,  in  the  absence  of  cv^tredictory  data,  because  it  is  so  wide¬ 
spread  in  nature.  For  example,  the  distribution  o'  "IQ's"  In  a  population 
conforms  fairly  closely  to  this  -ule.  We  have  no  positive  evidence  for  as¬ 
suming  it  in  the  present  case,  however. 


FIGURE  1.8 
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One  can  fix  the  parameter  a  by  insisting  that  the  mortality  M(D)  as 
given  by  the  integrated  "log-normal"  model  be  equal  to  the  mortality  for 
some  dose  0  where  it  can  be  inferred  from  empirical  data,  i.e.  for  D  =  I  rem, 
let  M(D)  “  20  deaths  per  million  or  2  x  10“5. 


Integrating  the  log-normal  distribution  postulated  previously,  one 
obtains:  0 


M(D) 


J  S(D')dO'  -  i  [l-erf  ,n  S2  )] 

o 

‘i[1+erf  fc*7Tlnfc)] 


D  <  D0 
0  >  D0 


Plotting  this  function  (for  particular  choices  of  a,D0)it  can  be  seen 
that  the  result  is  qualitatively  similar  to  the  familiar  "S-curve"  which 
typically  describes  the  lethal  effects  of  external  radiation  (or,  for  that 
matter,  other  toxic  substances)  on  a  population.*  The  chosen  criterion 
for  fixing  a  requires  that 


10-5 


whence 

ln0o  =  erf-1  (.99996)  =  2.905 

Using  the  log-normal  distribution,  with  the  above  expression  as  a  defini¬ 
tion  for  a,  the  mortality,  within  70  years,  due  to  leukemia  and  related  dis¬ 
orders,  resulting  from  a  mean  contamination  level  of  3»000  s.u.  in  bone, 
wou 1 d  be , 


H(#)-l£l-.r{2.905  ('-lSJ]}  D  *-  Do 

“  it'  +  er{2'905  -')]  }  D  >  °o 


At  the  "standard"  level  of  contamination  ()  KT/mi2)  corresponding  to 
a  mean  life-time  bone  marrow  dose  D  *  70  rem,  the  foregoing  suggests  a  rather 
wide  range  of  values  for  the  mortality  M(D),  depending  on  one's  choice  o;  D0, 
as  shown  in  Figure  1.10.  As  indicated  in  a  previous  footnote,  we  consider  the 

value  of  D0  proposed  in  the  1958  U.N.  Report  to  be  unreasonably  low,  result  inn 

in  an  exaggerated  mortality  prediction.  On  the  other  hand,  Figure  l.io  a'  <o 
suggests  that  mortality  might  still  be  fairly  significant  even  if  0o  were  as¬ 
sumed  to  be  a  factor  of  5  larger.  It  must  be  remembered,  of  course,  that  most 

of  the  deaths  would  occur  in  later  years  as  the  cumulative  dose  built  up  slowly, 
allowing  for  the  possibility  of  medical  breakthroughs  which  might  conceivably 
alleviate  the  problem  or  even  eliminate  it  altogether.  (Several  research  cen¬ 
ters  are  reportedly  already  testing  leukemia  vaccines,  on  a  limited  scale,  on 
human  patients.  This  or  seme  other,  e.g.,  chemotherapeutic,  treatment  may  be¬ 
come  available  within  the  next  decade.) 


*The  interpretation  of  an  S-curve  as  an  integrated  susceptibility  dis¬ 
tribution  goes  back  at  least  to  1926. ^ 
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Th«  above  model  contains  far  too  many  uncertain  ties  to  be  used  for 
predictive  purposes  at  this  stage.  It  is,  as  pointed  out  above,  rather 
sensitive  to  the  assumed  value  of  0o,  for  which  there  seems  to  be  a  pau¬ 
city  of  evidence.  Its  most  fundamental  assumption,  which  is  certainly 
open  to  serious  question,  is  that  leukemogenes i s  and  carcinogenesis  can 
be  described  in  terms  of  greater  or  iesser  individual  susceptibility  (or 
resistance)  to  a  causative  agent  which  is  essentially  always  present,  e.g. 
a  virus.  The  role  of  radiation  would  presumably  be  to  reduce  the  body's 
natural  resistance.  The  alternative  view,  on  which  any  serious  justifica¬ 
tion  of  the  linear  dose-incidence  relationship  would  probably  have  to  be 
based,  is  that  the  actual  causative  mechanism  is  a  "rare1'  one--perhaps 
analogous  to  a  mutation — whose  intrinsic  probability  is  strictly  propor¬ 
tional  to  an  intermediate  cause  such  as  the  ionization  caused  by  radiation. 

This  argument  is  properly  one  for  specialists  and  we  would  merely 
point  out  that  (apart  from  its  quantitative  aspects)  the  "log-normal" 
model  is  heur istical ly  the  most  satisfactory  of  the  three  so  far  proposed, 
and  does  least  violence,  in  some  sense,  to  one's  intuitive  expectations. 
Further  studies  in  this  area  would  seem  to  be  essential  to  reduce  the  con¬ 
tradictions  and  uncertainties  which  currently  prevail. 

The  other  important  long-lived  radioisotope  in  fallout  is  the  y-e,.i i t tor 
Cs-137  (with  a  half-life  of  ~30  years).  Assuming  the  ratio  of  Cs- 1 37  to 
Sr-90  in  local  fallout  is  similar  to  that  in  world-w'de  fallout,  namely, 
about  1.7  (although  considerable  local  var  «ation  would1  be  expected) 
and  that  the  ratio  of  solubilities  of  local  to  world -wide  fallout  would  be 
the  same  in  the  two  cases,  a  uniform  deposition  of  1  KT/mi2  fission  products 
would  involve  the  equivalent  of  about  » 35  Curies  of  Cs-137  per  square  mile. 

The  body  burden  of  Cs-137  reaches  equilibrium  relatively  quickly  be¬ 
cause  the  metabolic  half-life  is  comparatively  short  (~  100  days).  Hence 
persons  of  all  ages  would  be  affected  roughly  equally."  The  following  em¬ 
pirical  relation  seems  to  fir  the  known  data  reasonably  well:^° 

Q.  =  AFr  +  BFC 

where,  again,  AFr  represents  the  contribution  from  direct  contamination  of 
foliage  and  BFC,  the  contrioution  from  the  soil.  Q.  has  units  of  pp,C  of 
Cs-137  per  gram  of  potess:um  K)  in  the  body  (which,  bv  analogy,  might  be 
called  cesium  units  or  c.u.j;  F  is  measured  in  mC/m  ivyear ;  F  in  mC/mi^ 
accumulated  over  the  previous  two  years.  The  coefficients  A,B  nave  been 
determined  roughly  as  fo 1  lows: ““ ' ^ 

i\  =0,7  +  0.2  -ijiy£— oi. _ S'LiliZ/.s.CiSl. 

mC/m i 2/y r . 

B  =)#|+  0.3  uuC  of  Cs- 1 37/ q  (K) 

mC/m  i  7 


‘“Actually,  in  proportion  to  body  weight. 
'“‘Again,  converting  from  k)ii2  to  mi 2, 
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For  local  fallout,  again,  the  cumulative  contribution  vastly  outweighs 
the  rate  term,  which  may  be  neglected  henceforth.  For  the  "standard" 
case  (1  KT/mi2)  cne  obtr;;ns,  assuming  an  initial  postattack  value  of  Fc 
equal  to  135  C  of  Cs-137  per  square  mile  as  above, 

Q  •  i.5  x  10*  c.u. 

The  effective  y-dose  has  been  given  as  follows: 

0.044  m  rem/year  per  c.u.  to  bone  cells 

0.C36  m  rem/year  per  c.u.  to  cells  lining  bone  surfaces 

0.026  m  rem/year  per  c.u.  to  bone  marrow 

In  the  1964  U.N.  Report  it  has  been  stated  that  these  figures  are  probably 
a  factor  of  2.2  too  high,  due  to  the  assumption  in  the  1962  Report,  not 
confirmed  in  later  studies,  that  Cs-137  is  pre rerent ial ly  concentrated  to 
some  extent  in  bones  and  bone  marrow.  Allowing  for  this  reduction,  the 
initial  mean  dose  rate  resulting  from  a  concentration  of  1.5  x  105  c.u. 
would  be  about  3  rem/year  to  bone  and  1.8  rem/year  to  marrow — which  is 
comparable  to  or  larger  than  the  initial  Sr-90  dose  rute. 

As  time  goes  on,  the  ratio  drops  rapidly,  hc.;ever,  because  ces:im 
apparently  becomes  unavailable  to  plants  at  a  much  faster  rate  than  stron¬ 
tium,  e.g.,  after  three  years  the  proportional  rate  of  uptake  from  soil  of 
cesium  as  compared  to  strontium  drops  from  an  initial  value  of  1/10*  to 
1/25- 149  Obviously,  the  lifetime  cumulative  dose  from  Cs-137  tends  to  be 
a  smaller  multiple  of  the  initial  dose  rate,  perhaps  3  compared  to  23  for 
Sr-90.  As  regards  carcinogenesis  and  leukenogenes is ,  the  discrepancy  is 
still  greater  because  the  cesium  dose,  due  to  penetrating  y-rays,  is 
likely  to  be  more  uniform  throughout  the  body  than  the  strontium  dose. 

Hence  the  factor  of  5  between  'Vneari"  bone  marrow  dose  and  "peak"  bone 
marrow  dose  would  not  apply  to  the  cesium  case.  Because  of  all  these 
factors,  present  indications  are  that  Cs-137  probably  is  at  least  an 
order  of  magnitude  less  hazardous,  in  the  long  run,  than  Sr-90.  This 
conclusion  is,  of  course,  valid  only  to  the  extent  that  the  various  links 
in  the  chain  of  argument  are  correct.  Since  many  of  them  are  still  quite 
tentative,  Cs-137  must  still  be  taken  seriously  as  a  possible  "dark  horse." 

Several  specific  caveats  deserve  mention.  In  the  first  place,  be¬ 
cause  of  its  tendency  to  accumulate  in  muscle  tissue,  it  will,  to  a  much 
greater  extent  than  Sr-90,  be  ingested  via  meat.  Whether  it  is  actually 
concentrated  by  animat  metabolism  (i.e.,  favored  over  potassium)  is  not 
yet  established  with  certainty,  though  some  degree  of  concentration  may 
occur. 


*The  fact  that  cesium  is  relatively  unavailable 
trom  the  start,  is  already  taken  into  account  in  the 
tion  of  A,B.  The  two-year  cutoff  for  the  cumulative 
the  rapidity  of  further  decrease. 


via  soil  uptake,  even 
empirical  detormina- 
term  (B)  i s  due  to 
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Again,  in  certain  specialized  communities  the  danger  from  Cs-137 
may  be  significant.  One  of  the  objections  raised  to  the  AEC's  project 
CHARI0T--a  proposal  to  dig  a  harbor  in  Alaska  using  nuclear  explosives-- 
was  based  on  such  a  situation.  Apparently,  Cs-137  deposited  on  reindeer 
moss  (a  lichen)  is  ingested  by  and  accumulated  in  the  bodies  of  caribou, 
thence  passed  on  to  Eskimos,  who  depend  heavily  on  caribou  meat  and  milk. 
Although  the  radiation  level  from  testing  was  generally  less  in  Alaska 
than  in  other  states,  the  Cs-137  level  in  Eskimos'  bodies  was  several 
hundred  times  higher  in  1964  than  the  U.S.  average.  '50 

A  final  point  of  some  importance  is  that  the  existence  of  a  long-term 
Cs-137  hazard,  even  if  it  is  only  5%  of  the  magnitude  of  the  Sr-90  hazard, 
tends  to  put  an  upper  limit  on  what  can  be  achieved  by  means  of  counter¬ 
measures  directed  specif ical ly  at  the  latter.  For  example,  if  people 
should  cut  down  on  consumption  of  grain  products  and  increase  consumption 
of  meat,  the  risk  from  cesium  ingestion  would  also  increase  in  proportion. 

1-131  is  a  short-lived  isotope  (8  days)  which  is,  however,  highly  con¬ 
centrated  by  human  or  animal  thyroid  glands,  where  it  persists  for  consid¬ 
erable  periods  (~  90  days)  on  the  average. ^1  Since  I  - 1 3 1  provides  a  non- 
negligible  portion  (~  .8%)  of  the  initial  y- radioactivity  and  8%  of  initial 
0-activity  of  a  typical  fission-product  mix  (see  Figure  1.1),  it  must  be 
considered  a  serious  hazard  for  several  months.  Almost  the  only  means  of 
entering  the  human  diet  within  this  short  time  is  via  milk, '52  water,  or  in 
fresh  fruits  or  vegetables  in  season.  Drying,  freezing  or  canning  would  per¬ 
mit  the  contaminated  food  to  be  consumed  later  (provided  Sr-90  was  not  also 
present  in  considerable  quantities)  with  relative  safety.  Once  in  the 
body  the  radiation  damage  is  largely  concentrated  in  the  thyroid  gland.  On 
the  basis  of  experience  oh  RonqHap  Atoll  in  the  Marshall  Islands,  where 
82  people  were  accidentally  exposed  to  fallout  (averaging  175  R  whole  body 
dose)  in  1954,  the  thyroid  damage  typically  seems  to  take  the  form  of  be¬ 
nign  nodules.  In  the  first.  10  years  of  medical  examination  three  such 
cases  appeared  among  girls  who  had  probably  received  thyroid  doses  between 
700  and  1,400  rads. '53  In  the  I  1 th  year  (1965)  three  add i t i  onal  cases  were 
turned  up  in  March  and  several  more  in  September. '54  The  nodules  are  appar¬ 
ently  not  malignant,  but  the  appearance  of  pathological  symptoms  on  such  a 
scale  gives  rise  to  serious  misgivings.'’' 

The  foregoing  does  not  throw  much  light  on  the  effects  of  radio-nuclide 
cycling  elsewhere  in  the  environment,  One  reason  is  that  the  human  food 
chain  has  been  artificially  simplified.  In  the  United  States  about  a  quar¬ 
ter*"''  of  the  food  for  human  consumption  comes  directly  from  cultivated  plants, 
and  well  over  90%  of  the  remainder  is  derived  from  domestic  animals  fed  (66%) 
on  cultivated  plant  sources  and  (33%)  on  natural  pasture. '65  Almost  the  only 
foods  arising  from  more  complex  chains  are  seafoods  and  fresh  water  fish. 


“'Recent  reports  in  the  press  (November  4,  1965)  set  the  number  of  cases 
of  thyroid  abnormalities  at  18,  of  which  8  are  said  to  have  been  operated  on 
and  one  lr  e  been  found  to  be  cancerous. 

““In  terms  of  Calories. 
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Another  reason  is  that  internal  hazards  to  humans  (and  large  animals) 
are  almost  exclusively  of  the  long-term  variety,  e.g.  cancer,  leukemia, 
life-shortening  and  genetic  damage.  Acute  lethal  internal  doses  are  so 
unlikely  that  the  possibility  can  be  ignored  in  practice  because  of  biological 
discrimination,  the  comparatively  long  time  lag  between  contamination  and 
consumption  of  food,  the  low  rate  of  consumption  in  proportion  to  body  weight, 
the  possibility  of  monitoring  radiation  levels  in  food,  and  the  fact  that  ex¬ 
ternal  doses  or  other  effects  would  result  in  death  long  before  internal  levels 
could  become  critical. 

It  is  important  to  note  that  in  other  segments  of  the  ecosystem  these 
ameliorating  factors  would  not  necessarily  operate,  at  least  to  the  same 
degree.  Small  animals  and  insects,  for  example,  commonly  consume  several 
times  their  own  body  weight  of  food  each  day.  The  time  lag  between  con¬ 
tamination,  consumption  and  incorporation  in  tissue  may  be  negligible.  Thus 
isotopes  such  as  1-131  which  are  chemical ly indistingu ishable  from  their  non 
radioactive  counterparts  are  likely  to  be  concentrated  in  animal  tissue  far 
beyond  their  proportional  occurrence  in  the  environment  as  a  whole.  It  is 
not  inconceivable  that  lethal  (or  sterilizing)  internal  doses  could  be 
accumulated  in  this  way  by  some  organisms  faster  than  lethal  external  doses. 

To  date,  radio-nuclide  cycling  in  insect  and  animal  food  chains  seems 
to  have  been  studied  hardly  at  all.*  Vet  such  studies  may  be  of  considerable 
significance. 

Since  there  are  some  two  hundred  rad  io  -nucl  ides  involved  in  the  decay- 
chains  of  fission  products — not  to  mention  neutron- induced  activity — some  of 
which  decay  fairly  s lowly“" (see  Figure  1 .  1  and  Table  1"1).  the  possibilities  for 


*A  few  related  studies  exist: 

(1)  Genetic  studies  based  on  feeding  the  isotope  P-32  to  induce 
mutation  (on  the  fruit  fly  Drosophi la  melanoqaster  and  Drosophi la  vi r i 1  is) . 

(2)  Studies  of  the  distribution  of  P-32  in  wax  moth,  meal  worm, 
cockroach  and  fi rebrat. '57 

(3)  Genetic  studies  using  P-32  on  the  parasitic  wasp  Habrobracon. 

(It  was  found  that  60%  of  the  P-32  fed  to  females  was  incorporated  into 
eggs,  leading  to  some  degree  of  infertility.)  Studies  have  also  been 
made  of  Habrobracon  reared  on  host  larvae  injected  with  Ca-45  and  Sr-89 
isotope,-..  Both  were  incorporated  in  sperm  but  are  not  found  in  adult 
t issues .  158,159 

(4)  Ecological  studies  of  the  consequences  of  waste  disposal  near 
Oak  Ridge  indicate  that  herbivorous  insects  accumulate  Cs-137  (in  muscular 
tissue,  mainly)  to  the  extent  of  the  contamination  in  their  food,  but 
that  5r-90  is  somewhat  d iscr iminatod  against.  Ecological  studies  of  the 
aquatic  systems  in  the  vicinity  of  AEC  instal lat ions  also  have  followed 
isotopes  (mainly  P-32)  from  algae  into  the  fish  and  waterfowl  food  chains.  ° 

(5)  Ecological  studies  using  P-32  as  a  tracer  to  untangle  complex 
food  chains  '°2 

**ln  this  context  "slowly"  would  mean  having  a  half-life  c  .nparable  to 
or  longer  than  the  metabolic  half-life  of  the  isotope 
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biological  concentration  in  the  food  chain  are  very  real.  Moreover,  since 
insects  presumably  have  qualitative  metabolic  similarities,  there  is  some 
probability  that  if  an  insect  concentrates  isotope  "X,"  then  its  predator 
(or  prey)  may  also  concentrate  it.  Hence,  for  slowly  decaying  isotopes  or 
rapid  metabolic  .  ^:eysas,  the  inherent  likelihood  of  damage  could  con¬ 
ceivably  increase  with  trophic  level.  That  is  to  say,  the  higher  the  posi¬ 
tion  in  the  food  chain,  the  higher  the  probability  of  ingesting  dangerous 
amounts  of  radioisotopes  due  to  concent  rat  loti  by  the  previous  steps  in  the 
chain.  Admittedly  most  of  the  radio-nuclides  decay  very  fast  even  compared 
to  insect  metabolic  cycles,  so  that  in  many  instances  the  effect  of  concentra¬ 
tion  is  balanced  or  outweighed  by  the  rapid  decay.  These  cases  are  probably 
the  least  interesting,  since  the  effect  works  in  reverse:  the  prey  gets 
larger  internal  doses  than  the  predators.  However,  the  significant  point  is 
that  biological  concentration  is  more  likely  to  be  important  for  insect 
predators  with  short  lift.1  cycles  and  high  metabolic  rates  than  for  larger 
animals  such  as  birds  or  fish  with  longer  life  cycles  and  much  slower  feeding 
rates.  Table  1-9  illustrates  one  case  (P-32  in  an  aquatic  food  chain)  where 
radioactive  decay  does  at  first  balance,  and  finally  outweigh,  biological 
concentration. 


At  present  there  are  few  data  applicable  to  this  subject.  Information 
on  the  cycling  of  radioisotopes  among  insect  and  invertebrate  populations 
is  probably  potentially  as  important  as  information  on  their  individual 
radiosensitivities  to  external  y  or  3  radiation  from  the  environmental 
point  of  view.  Theoretical  work  done  by  Sparrow,  et  ah ,  makes  it  possible 
to  predict  with  reasonable  success  (e.g.  within  25%  or  so)  the  radiosensi¬ 
tivities  of  different  orders  and  species  of  plants  and,  possibly,  of  in¬ 
sects  in  the  early  stages  of  their  life  cycle.  Much  less  experimental 
or  theoretical  work  has  been  devoted  to  prediction  of  the  movements  of 
radioisotopes  within  complex  animal  food  chains,  although  mention  should 
be  made  of  the  work  of  Bowen  and  others  on  mineral  metabolism  in  insects, 
and,  of  course,  Auerbach  and  his  colleagues  at  Oak  Ridge. ^ 


HI-518-RP 


1-57 


Table  1-9 

Cycling  if  Radio-phosphorus  in  Aquatic  Fo^pd  Chain 
(Columbia  .River,  near  Hanford)  5 

Microcuries  P-32  per  gram  of  P-31 


water  25 
plankton  25 
sessi le  algae  25 
sponge  20 
caddis  worms  17 
snai Is  8 
fish  5 
crayfish  2 


P“32  half-life  *  14  days 

Materials  were  collected  at  different  times,  hence 
comparisons  are  of  dubious  value.  See  below: 


Time  of 
one  i 

peak  radioactivity  from 
njection  of  P-32* 

water 

0 

hours 

plankton 

10 

II 

side-wall  algae 

5-10 

days 

animals  feeding  on  side-wal 

11  algae 

11-18 

II 

mud  algae 

15-25 

U 

sed iment 

still 

i ncreasi ng 

after  50  days 

*For  water  having  low  initial  P-3 l  content,  only  2-5%  of  P-32  remains 
after  30  days.  For  initial  high  P-31  concent rar ion,  80-90%  of  P-32  remains 
(allowing  for  decay). 
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7 .  Sensitivities  of  Ecosystems 

Radiation  sensitivity  of  complete  ecosystems  is  not  a  very  well- 
defined  notion.  Studies  of  the  effect  of  actual  radioactive  fallout  on 
ecosystems  as  a  whole-- i nc I ud i ng  both  external  and  internal  ef fects--have 
been  mostly  ex  post  facto,  e.g.  observations  made  after  a  nuclear  test  has 
taken  place.  The  ambitious  cooperative  programs  of  the  University  of 
Washington  (with  regard  to  nuclear  testing  in  the  Pacific)  and  New  Mexico 
Highlands  University  and  Brigham  Young  University  (in  conjunction  with  the 
testing  in  Nevada)  are  of  this  type.  Similarly  the  ORNL  and  Hanford  pro¬ 
grams  are  carried  out  in  conjunction  with  disposal  of  radioactive  wastes. 

Such  studies  are  well-suited  for  investigating  food  chains  and  cycling  of 
radio-nuclides,  but  inherently  inappropriate  for  obtaining  quantitative 
data  on  ecosystem  response  to  radiation.  The  AEC  did  an  extensive  ecolog¬ 
ical  study  in  anticipation  of  a  PLOWSHARE  project  to  use  nuclear  explosives 
to  dig  a  harbor  in  Alaska;  although  the  project  (CHARIOT)  has  been  shelvedJ66 

Major  programs  suited  for  determining  ecosystem  sersitivity  and  re¬ 
sponse  to  y-radiation  from  external  sources  (usually  Co-60)  are  carried  on 
at  Brookhaven  and  Emory  University,  Georgia,  though  small-scale  studies 
exist  elsewhere.  The  Oak  Ridge  program  seeks  to  obtain  similar  data  for 
fast-neutron  irradiation.  Such  information  as  is  now  available  is  not 
suitable  for  compact  tabular  presentation,  but  reference  was  made  to  spe¬ 
cific  data  elsewhere  in  this  chapter. 

Table  1-10 

Studies  of  Irradiated  Ecosystems 


Dry  lake  bed  in  Tennessee 
Nevada  test  site  (desert  community) 
Abandoned  cornfield  in  Georgia 
Granite  outcrop  in  Georgia 
Oak-pine  forest  in  Georgia 
Oak-pine  forest  in  Long  Island 
Abandoned  potato  field  ("old 
field")  in  Long  Island 
Coral  atolls  in  Marshall  Islands 
Mixed  forest  in  Tennessee 


(References) 

89,98,160,167 

168,169 

170 

171 

172 

I73J74.I75 

175 

176,177 

178 


Rongelap  atoll  in  the  Marshall  Islands  has  received  the  greatest  amount 
of  fallout  (as  a  result  of  an  unexpected  wind  shift  at  the  time  of  the  15-MT 
test  detonation  BRAVO  at  Bikini,  121  miles  to  the  west,  on  March  1,  1954) — 
and  the  most  concentrated  attention  since  that  time.  The  most  heavily  irradi¬ 
ated  islet  (Gegen)  received  an  estimated  dose  of  3,000  R.  * 79 


Iri  the  whoie  area  the  flora  consisted  of  43  species,  all  specialized  to 
tolerate  conditions  of  high  salt  concentration,  heat  and  low  humidity.  Of 
these,  only  20-odd  grew  on  the  islets  where  fallout  was  heaviest;  by  1956, 

16  species  were  visibly  affected.  Two  very  abundant  and  well-adapted  species 
showed  no  abnormalities,  while  at  the  other  extreme  three  species  were 
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severely  damaged.  One  plant  spec’es  was  completely  killed  on  Gegen.  By 
1956,  insect  populations  were  essentially  normal,  although  some  evidence 
of  genetic  damage — including  mutants--was  noted  in  the  area.  The  182 
humans  in  the  area  received  average  doses  of  175  roentgens  and  some  had 
serious  0-burns  (especially  on  bare  feet),  buv  none  died.  There  is  recent 
evidence  suggesting  thyroid  damage,  due  to  ingestion  of  I  —  1 3 1  •  "'ay  have  been 
fairly  widespread,  as  discussed  earlier.  All  inhabitants  are  now  back, 
after  having  been  temporarily  evacuated  fo-  treatment  and  observation.  The 
only  significant  difference  between  life  today  and  in  1954  is  that  inhabi¬ 
tants  still  do  not  eat  cocoanut  crabs,  formerly  a  dietary  staple,  beccuse 
of  the  continuing  Sr-90  hazard. 


Bikini  and  Eniwetok,  where  ICO  MT's  of  test  explosions  actually  took 
place  as  recently  as  1958,  were  revisited  by  a  scientific  expedition  from 
the  University  of  Washington  in  1964.  According  to  reports  in  the  press, 
apart  from  the  actual  craters,  which  are  still  visible,  vegetation  seems 
to  have  returned  to  normal.  The  rat  population  is  also  back  at  normal 
levels  and  no  visible  abnormalities  were  found,  although  some  genetic  dam¬ 
age  cannot  be  ruled  out.  One  of  the  few  notable  differences  is  that  clams, 
formerly  abundant,  are  no  longer  found  in  the  surrounding  waters.  This  is 
attributed  not  to  radiation,  however,  but  to  the  fact  that  much  of  the  un¬ 
derlying  coral  was  powdered  by  the  blasts  and  that  clams  cannot  live  in 
silty  water. 

The  following  table  summarizes  the  sensitivities  of  several  important 
communities  or  blames,  as  currently  known  or  estimated. 

Table  1-11 


jjadigsmituittes  .of  £ 


•li  ■Ill'll 


Miss 


LDS0-?0  M  Dg (cr 8 1)*  (KT/mj2) 


..  .  .  .  r  Mammals 

Vertebrates  i  . 

L  Birds 

300-800 

.J000 

m  m 

Insects  (8  species  ,  steri 1 ization 

1000-6000 

-- 

dose) 

Conifers  (5  species) 

750-1000 

-.06 

Wheat,  corn,  oats,  rye,  barley 

3000 

— .  1 8 

Sorghum 

-5500 

-.33 

Deciduous  trees  (5  species) 

-6000-7000 

-.45 

Potatoes 

-9000 

-.55 

Soybeans 

-10,000 

— ,  60 

‘Based  on  accumulated  30-day  Jose  fror  uniformly  distributed  fission 
products,  and  assuming  U0jq*s  are  about  25%  higher  than  ID^q, 
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CHAPTER  II 

PRIMARY  THERMAL  EFFECTS 


I.  Introduction 


Blast  and  radiation  effects  of  nuclear  weapons  dominated  public  in¬ 
terest  for  some  years.  It  is  only  more  recently  that  the  thermal  effects 
of  nuclear  weapons  have  received  the  same  degree  of  attention.  Interest 
in  this  aspect  of  nuclear  weapons  was  heightened  by  the  Soviet  testing  in 
1961  of  a  very  large  yield  nuclear  (60+  megatons)  weapon.  Since  dangerous 
thermal  effects  can  extend  to  much  greater  distances  than  either  blast  or 
initial  (nuclear)  radiation,  weapons  of  large  yield  raise  the  possibility 
of  high-altitude  bursts  intended  to  maximize  fire  effects.  Such  detona¬ 
tions  would  leave  no  significant  blast  damage  and  would  present  no  ea;ly 
fallout  hazard.  It  is  worth  remembering  that  the  enemy  has  a  choice  of 
optimizing  fallout  or  thermal  effects,  but  not  both  at  the  same  time. 
Fallout  is  maximized  by  surface  bursts,  however,  in  this  case  fewer  po¬ 
tential  ignition  points  are  exposed  to  direct  thermal  radiation  since 
part  of  the  radiation  energy  is  absorbed  in  the  ground  and  the  debris  in 
the  fireball  itself  and  the  area  of  shadows  cast  by  irregularities  of  ter¬ 
rain,  etc.,  would  be  greater.  Many  types  of  attack  are  possible  and  de¬ 
tailed  studies  would  require  a  "gaming"  approach  making  alternative  as¬ 
sumptions  as  to  the  choice  of  targets  for  attack,  the  types  and  number  of 
weapons,  the  choice  of  air  or  surface  bursts,  etc.  In  almost  any  attack, 
it  is  probable  that  some  detonations  would  occur  ove:  forest  areas  simply 
as  a  result  of  aiming  errors,  missile  malfunction  and  the  proximity  of 
forest  lands  to  primary  targets.  And  the  question  is  whether  the  enemy 
would  make  wildland  areas  a  primary  target  subsystem  or  whether  damage 
to  these  areas  would  be  incidental  to  attack  on  military  targets  and  ur¬ 
ban  areas.  It  is  probably  reasonaole  to  assume,  for  most  scenarios,  that 
an  enemy  would  allocate  the  majority  of  his  weapons  to  targets  such  as 
strategic  weapon  sites  or  cities.  However,  a  possibility  worth  consider¬ 
ing  is  that  an  enemy  might  choose  a  "sophisticated"  strategy,  e.g.  demon¬ 
strating  resolve  without  killing  people;  alternatively,  in  some  future 
situation  cities  and  populations  might  be  effectively  protected  by  active 
and  passive  defense,  leaving  the  "B-country"  as  the  most  lucrative  »vai’- 
able  target  (although  this  would  suggest  a  less  than  optimal,  that  is,  un¬ 
balanced,  defense). 


2.  Iqni tion 

As  a  rule  of  thumb,  materials  which  can  be  easily  ignited  by  a  single 
match  can  also  be  ignited  by  the  thermal  pulse  of  a  (megaton)  nuclear  deto¬ 
nation.  If  the  fuel  would  char  or  shrivel  rather  than  burn,  as  in  the  cas<' 
of  green  vegetation,  then  a  nuclear  explosion  would  probably  cause  the  sauu 
result. ' 

Kindling  fuels  have  been  graded  into  three  categories  according  to 
their  degree  oc  inflammability.  The  most  inflammable  group,  typified  by  news¬ 
paper,  includes  such  natural  fuels  as  dried  deciduous  leaves,  fine  grasses, 
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duff  and  rotted  wood  (punx).  The  second  group  encompasses  such  items  as 
small  twigs,  birehbark,  Kraft  corrugated  paperboard,  and  light  fabrics. 

The  third  and  least  inflammable  type  includes  heavier  twigs,  thicker  bark, 
wood  chips,  pine  cones,  drapery-weight  fabrics  and  miscellaneous  fuels  of 
equivalent  thickness.  Typical  ignition  exposure  levels  as  a  function  of 
(low)  aii-burst  weapons  yield  are  given  in  Table  2-1.^ 


Table  2-1 


Approximate  Jam  uon  Thresholds  _fer_$evexaJ 
Common  Kindling  Fuels  (Low  Ai.rburAta.) 


Kindling  Fuels 

Punk  and  dry,  thin  deciduous  leaves 
Newsprint,  dark  picture  area,  crumpled 
Kraft  corrugated  paper  carton  (18  oz/yd^) 
Heavy  dark  cotton  drapes  (9  oz/yd^) 

White  typing  paper 


Ignition 

Thresholds 

(cal /cm2 ) 

JJU 

10  MT 

JMJSI 

6 

8 

-30 

7 

11 

25 

25 

38 

-50 

-18 

—34 

-50 

30 

50 

-80 

As  weapon  yield  increases,  for  explosions  at  altitudes  designed  to  opti¬ 
mize  blast  damage  (the  area  inside  a  I5“psi  contour),  the  ignition  thresh¬ 
olds  are  increased  slightly  as  Figure  2.1  shows.  The  ignition  values  in 
the  table  are  also  increased  by  a  factor  F  which  depends  on  humidity,  e.g., 

F  *  1  +  0.005  K 


where  H  is  the  relative  humidity  in  per  cent.  (At  50%  humidity,  F  =  1.25; 
at  100%  humidity,  F  =  1.50.) 


The  area  over  which  ignitions  would  occur  depends  on  the  altitude  end 
yield  of  the  burst  and  is  a  function  of  prevailing  atmospheric  and  fuel  con¬ 
ditions.  The  transmissivity  of  the  atmosphere  over  long  ranges  is  still 
poorly  known,  and  therefore  a  major  source  of  uncertainty,  tp  to  the  limit 
of  visibility,  which  is  roughly  as  far  os  experimental  test  data  were  taken 
at  the  Nevada  Test  Site  and  elsewhere,  the  uncertainties  may  be  25%”5Q%» 
while  at  greater  ranges,  where  data  are  lacking,  the  uncertainties  are  much 
greater,  especially  for  low  airbursts.  The  curves  shown  in  Figure  2.1  are 
based  on  extrapolations  preferred  by  the  Project.  Harbor  panel  of  experts. 3 
Figures  2.2  and  2,3  come  from  Martin  and  Helton. *+ 


Table  2~2  summarizes  the  ignition  hazards  as  far  as  present  knowledge 
will  permit.  Since  the  degree  of  cloudiness  is  important,  it  is  interest¬ 
ing  to  note  that  the  average  U.S.  city  with  population  over  100,000  has 
only  125  "clear"  days  a  year  (only  10%  have  as  many  as  200)  while  on  1 30 
days  there  is  heavy  cloud  or  fog,  and  on  110  days  it  rains.  The  map  (Fig¬ 
ure  2.4)  shows  the  geographical  distribution  of  cloudy  areas. 5  Agricul¬ 
tural  areas  are,  on  the  average,  less  cloudy  than  the  urbanized  northeast 
and  upper  midwest  (Great  Lakes)  region  where  many  of  our  cities  are  located. 
However,  "average"  conditions  are  almost  meaningless  because  of  wide  seasonal 
fluctuations  as  will  be  discussed  later.  The  area  of  probable  ignition  can 
be  crudely  estimated  in  another  way  on  the  following  basis.:  we  assume  the 


FIGURE  2.1 


THERMAL  F'.'JX  FOR  AIRBURSTS  DESIGNED  TO  OPTIMIZE 
ilAVT  DAMAGE  AS  A  FUNCTION  OF  RANG!: 
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FIGURE  2.2 


EXPOSURE  RANGES  FOR  10  MT  WEAPONS 
NO  CLOUDS 

SURFACE  AT  SEA  LEVEL 


HEIGHT  OF  BURST 


HORIZONTAL  RANGE  (Ml,) 
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FIGURE  2.3 

IGNITION  RANGES  FOR  10  MT  WEAPONS 
NO  CLOUDS 

SURFACE  AT  SEA  LEVEl 
12  MILE  VISIBILITY 
50%  HUHIDITY 

HEIGHT  OF  BURST 
,  (Ml.) 

36 

32 
28 
2.k 
20 
16 
12 

8 

k 

0 

0  k  8  12  16  20  24  28  32  36  40  kh  US 

HORIZONTAL  RANC-F  (Ml.) 
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Table  2~2 

Limits  of  Then>ta  L.  Ian.it  ion.  _(Qp  1.  imizcd  Airbursts) 


I  MT  Range  of 
fine  f ue I 


Cloud  Cover 

At t  enuat i on 
Fact  or 

i  gn  i  t  i  or. 

(6  Cal/cm2) 
(m  i  • ) 

Area 

(ml2) 

10  MT  Range 
(10  Cal/cm2) 
(mi.) 

Area 

(mi2.) 

100  MT  Range" 
(10  Cal/cm2) 
(mi  .) 

Area 

.(mi2.) 

Average  clear 

1  .0 

9 

255 

21 

1400 

55 

10,000 

light  haze 

0.7 

7.8 

190 

18 

1000 

50 

7,900 

Medium  haze 

0.5 

6.7 

|40 

15 

700 

46 

6,600 

Heavy  cloud 

0.  1 

2.7 

23 

6 

110 

24 

1 ,800 

Dense  clooJ 

0.03 

neg . 

neg. 

neg. 

neg. 

1 1 

380 

th  resho Id 

for  ignition  (from 

me gat on -c 

lass  weapons) 

is  10 

2 

cal/cm  .  Approxi- 

mately  one-third  of  the  energy  of  a  thermonuclear  explosion  in  the  lower 
atmosphere  takes  the  foim  of  thermal  radiation.  In  the  case  of  very  large, 
very  high-altitude  detonations,  the  fraction  will  be  higher.  Assuming  iso¬ 
tropic  emission,  roughly  one-third  of  thi s--al lowing  for  geometry  and  at¬ 
mospheric  attenuation — will  intercept  the  surface  of  the  earth  within  a 
radius  of  20  miles  or  so  on  a  clear  day.  (The  radiant  energy  intercepting 
the  earth  at  20  miles  slant-range  from  a  10-MT  detonation  at  optimum  alti¬ 
tude  will  be  just  about  10  cal/cm2.)  Thus,  roughly  10*5  Cal  (out  of  10  6 
total)''"  are  distributed  within  this  area  of  about  1260  mi2  or  3  x  10^3  cm2. 

Assuming  the  radiant  energy  which  actually  intercepts  the  earth  were 
distributed  evenly,  rather  than  according  to  the  more  nearly  correct  in¬ 
verse  square  law,  the  10  cal/cm2  critical  ignition  level  implies  a  dis¬ 
tribution  of  thermal  energy  on  the  ground  equivalent  to  about  ^.25  KT/mi2, 

To  express  this  in  terms  of  KT/mi2  gross  yield,  a  quantity  used  often  in 
damage -assessment  calculations,  we  divide  by  the  efficiency  with  which  a 
megaton  weapon  deposits  thermal  energy  on  the  ground  on  a  clear  day  (a 
factor  estimated  above  to  be  ~  .1).  Thus  we  have  the  rough  equivalence: 

10  cal /an2  <  -  >  2.5  KT/mi2 

To  convert  energy  deposition  figures,  given  for  convenience  in  terms 
of  KT/mi2  gross  yield,  where  the  weapons  are  exploded  in  sane  complex  pat¬ 
tern  and,  of  course,  the  weapons  effects  are  not  optimally  (i.e.,  uniformly) 
distributed  over  the  landscape,  a  further  inefficiency  must  be  allowed  for. 
Thus,  to  obtain  the  actual  number  of  weapons  required  to  achieve  the  same 
effect  as  we  have  initially  calculated  on  the  uniform  basis  means  dividing 
by  another  small  number  which  is  a  function  of  weapon  size  and  distribution. 
For  the  particular  case  of  the  single  10-MT  weapon  exploded  at  optimum  al¬ 
titude.  we  noted  that  an  area  of  1260  mi2  was  subjected  to  a  flux  greater 


"  1  MT  =  1 0 1 5  calories. 
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than  or  equal  to  the  critical  value  of  10  cal/cm2.  Optimum  deposition  of 
this  energy  would  have  required  just  3  x  10^  cal.,  whereas  actually 
1.0  x  1 0 1 5  cal.  is  deposited  inside  the  perimeter  in  addition  to  a  small 
amount  outside.  Thus,  more  than  70%  of  the  thermal  energy  is  "wasted." 

An  efficiency  of  deposition  of  1  or  10%,  multiplied  by  an  efficiency 
of  utilization  of  about  0.3  corresponds  to  an  over-all  ignition  effi¬ 
ciency  of  03  or  an  ineff i ciencv 

tiT  3  33 

The  distance  from  ground  zero  at  which  a  given  quantity  of  radiant 
flux  is  received  (per  unit  area)  varies  at  a  rate  between  the  cube  root 
and  the  square  root  of  the  yield,  whence  the  area  affected  varies  as  a 
fractional  power  (<  1)  of  yield.  Consequently,  smaller  weapons  are  some¬ 
what  more  efficient  at  starting  fires  than  large  ones  (in  terms  of  area 
ignited  per  MT),  at  least  in  the  case  of  optimized  burst  altitudes.  For 
example,  a  1-MT  bomb  exploded  on  a  clear  day  has  only  10%  of  the  yield, 
but  might  ignite  fires  over  an  area  of  about  18%  of  the  area  covered  by 
a  10-MT  bomb.  However,  in  some  circumstances,  as  will  be  explained  later 
in  Chapter  IV,  section  6,  the  scaling  law  for  recovery  works  the  other 
way,  i.e.,  a  larger  weapon  is  more  efficient  in  terms  of  ultimate  dis¬ 
utility  to  the  target  area. 

For  the  sake  of  symmetry  we  could  also  introduce  a  "shielding"  inef¬ 
ficiency  Sy.  Thus,  in  the  case  of  a  10-MT  weapon  burst  at  optimum  alti¬ 
tude  in  medium  cloud,  the  ignition  range  (10  cal/cm2)  may  be  reduced  from 
21  to  9  mi. --which  happens  to  be  the  range  at  which  a  l-MT  weapon  would 
cause  ignition  (6  cal/cm?)  on  an  average  clear  day.  Thus,  in  this  case, 
one  might  define  the  shielding  inefficiency  as 

ST  -  10 

since  the  shielding  of  the  cloud,  as  compared  to  a  clear  day,  reduced  the 
effectiveness  of  the  10-MT  weapon  to  that  of  an  "equivalent"  l-MT  weapon. 
This  method  of  comparison  is  somewhat  artificial,  however,  since  one  must 
choose  burst  and  ignition  criteria  differently.  Also,  in  general,  one 
would  have  to  perform  scaling  calculations  which  involve  more  than  simply 
reading  from  Figure  2.1  or  Table  2-2.  Hence  we  shall  not  in  practice  de¬ 
pend  heavily  on  the  concept  of  a  thermal  shielding  multiplier,  except  to 
note  that  such  a  number  can  be  defined,  once  the  "equivalence"  rules  are 
specified,  and  that  in  many  instances  the  multiplier  would  be  rather  large 


3-  £i.r.e— Sp.cead 

The  problem  of  es  t  imat  i  ng  fi  re  spread  criteria  can  be  understood  some 
what  better--if  not  fully  i 1 lumi ned — by  focusing  on  the  known  conditions 
for  "no  spread."”  These  have  been  summarized  by  Chandler,  Storey  and 
Tangren®  as  follows: 

All  Fuels:  over  I  inch  of  snow  on  the  ground  at  the  nearest 
weather  reporting  stations. 

Grass:  relative  humidity  above  80  per  cent. 


"i.e.,  rate  of  spread  less  than  .005  mph. 
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Brush  or  Hardwoods:  0.1  inch  of  precipitation  or  more  within 

the  pest  7  days  and-- 

Wind  0~3  mph;  relative  humidity  £0  percent  or  higher,  or 
Wind  ^-10  mph;  relative  humidity  75*  percent  or  higher,  or 
Wind  11-25  moh;  relative  numidity  85  percent  or  higher. 

Coni fer  Timber:  (a)  1  day  or  less  since  at  least  0.25  inch  of 
precipi tat ;on  and — 

Wind  0-3  mph;  relative  humidity  50  percent  or  higher,  or 
Wind  4-iG  mph;  relative  humidity  75  percent  or  higher,  or 
Wind  1 1-7  mph;  relative  humidity  85  percent  or  higher. 

(b)  Or,  2-3  days  since  at  least  0.25  inch  of 
precipitation  and — 

Wind  0-3  mph;  relative  humidity  60  percent  or  higher,  or 
Wind  4-10  mph,  relative  humidity  80  percent  or  higher,  or 
Wind  11-25  mph;  relative  humidity  90  percent  or  higher. 

(c)  Or,  4-5  days  since  at  least  0.25  inch  of 
precipitation  and — 

Wind  0-3  mph;  relative  humidity  80  percent  or  higher. 

(d)  Or,  6-7  days  since  at  least  0.25  inch  of 
precipitation  and-- 

Wind  0-3  mpn;  relative  humidity  90  percent  or  higher. 


By  testing  against  over  4,000  actual  fires,  where  detailed  weather 
conditions  were  known,  it  was  determined  that  the  criteria  were  quite 
accurate  in  the  sense  that  in  virtually  100%  of  the  cases  where  "no 
spread"  would  have  been  predicted,  there  was  in  fact  no  spread.  On  the 
other  hand,  about  60%  of  the  fires, where  the  "no  spread"  criteria  were 
not  fully  met,  also  did  not  spread.  This  suggests  that  "will  spread" 
criteria  are  not  simply  complementary  to  'Vo  spread"  criteria.  Other 
conditions  besides,  are  required  to  ensure  that  a  fire  will  burn. 

Apart  from  humidity  and  recent  rain,  it  is  clear  that  some  fuels 
are  much  more  easily  ignitable  than  others-  Highly  combustible  fuels 
such  as  grass  will  dry  out  quickly  and  may  be  easily  kindled  by  burning 
embers.  Conversely,  heavy,  damp  logs  must  be  heated  for  quite  a  long 
time  before  they  will  dry  out  sufficiently  to  burn.  These  differences 
affect  rates  of  fire  spread,  as  shown  by  the  following  graphs  (see  Figure 
2.5)  taken  from  Chandler,  Storey  and  Tangren.7  Taking  mature  timber  and 
grass  as  extremes,  it  will  be  noted  that  there  is  a  difference  of  7"8:1 
in  intrinsic  rates  of  spread,  other  things  being  equal. 

One  factor  (among  several)  worth  mentioning  is  topography:  it  is  an 
empirical  fact  that  forest  fires  spread  more  rapidly  uphill  than  downhill, 
by  a  factor  of  about  two  for  each  15  degrees  of  slope.  This  would  be  extremely 


2“  10 


HI-5 18-RR 


FIGURE  2.5 

RELATIVE  RATE  OF  F'RE  SPREAD,  3Y  FUEL  TYPES 
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significant  in  areas  of  steeo  slopes.  Spread  upni 1 1  would  generally  be 
extremely  rapid,  but  a  steep  downward  slope  is  very  close  to  being  a  fire¬ 
break  unless  burning  material  is  dislodged  and  roils  downward,  spreading 
the  flame  front  di scont inucusly.  Whether  this  would  happen  depends  on  the 
roughness  of  the  ground  and  the.  nature  of  the  undergrowth.  It  is  apparent¬ 
ly  a  not  infrequent  mode  cf  fire  progression  in  certain  western  forests. 
However,  it  appears  that  the  net  effects  of  upslopes  and  downslopes  tend  to 
cancel  over  large  areas  and  cannot  be  detected  in  the  best  available  data. 8 

A  reasonable  degree  of  density  and  contiguity  of  fuels  is  evidently 
a  prerequisite  for  any  mass  fire.  The  presence  or  absence  of  effective 
firebreaks  is  especially  critical.  The  width  of  firebreak  necessary  to 
stop  a  fire  depends  on  the  size  of  the  burning  area  (up  to  fires  a  mile 
or  so  in  diameter— discussed  later)  and  on  the  wind  velocity  at  the  fire 
front.  A  gap  of  a  few  inches  or  even  less  is  likely  to  stop  the  spread 
of  fire  from  a  primary  ignition,  e.g.  a  single  match  or  burning  ember. 

A  good-sized  bonfire  Is  capable  of  jumping  a  aap  of  several  yards,  and  so 
on.  Fire  spread  depends — other  things  being  equal — on  the  pattern  of  dis¬ 
position  of  combustible  and  incombustible  areas,  i.e.  fuel  and  firebreaks. 
Averaging  over  all  these  factors,  one  typically  gets  a  curve  something 
like  Figure  2.6  (although  the  ones  shown  refer  to  urban  fires). 9 

The  various  considerations  outlined  above  must  all  be  involved  in  any 
satisfactory  theoretical  model  for  predicting  rates  and  extents  of  fire 
spread  following  a  given  set. of  initial  conditions.  Some  efforts  are  un¬ 
der  way  to  develop  and  improve  such  models,  but  sophistication  and  accu¬ 
racy  of  predictability  are  currently  rather  low. 

One  model  for  large-scale  computer  calculations  (called  FLAME  I)  has 
been  developed  under  contract  to  the  National  Resources  Evaluation  Center 
of  the  Office  of  Emergency  Planning.  A  detailed  description  of  the  assump¬ 
tions  and  approximations  used  in  it  would  be  out  of  place.  The  designers 
themselves  point  out  that  it  is  severely  limited  by  the  constraints  imposed 
by  the  allowable  running  time  on  the  computer.  Moreover,  they  remark, 

"...it  is  not  possible  to  get  good  information  on  fire  behavior 
and  the  factors  affecting  fire  spread,  hence  any  model  which  is 
too  sophisticated  and  attempts  to  take  too  much  into  considera¬ 
tion  would  only  fool  the  user  into  a  false  sense  of  security 
with  respect  to  the  accuracy  and  meaning  of  his  results. "10 

The  basic  scheme  of  the  model  is  an  assignment  of  burning  probabili¬ 
ties  to  discrete  areas,  each  one  assumed  to  be  homogeneous  in  terms  of 
fuel  density,  moisture,  etc.  Fire  spread  is  allowed  to  occur  in  discrete 
"quantum  jumps"  until  the  cumulative  probabilities  of  burning  the  next 
region  fall  below  a  preassigned  number,  e.g.,  .5.  External  weather  con¬ 
ditions  are  assumed  to  influence  the  probabilities,  but  non-linear  effects— 


"In  studies  of  city  fires  this  notion 
"bui I t-upness  " 


is  expressed  as  degree  of 
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FIGURE  2.6 

PROBABILITY  OF  URBAN  FIRE  SPREAD 
ACROSS  VARIOUS  GAPS  BY  TYPE  AND  WIND  DIRECTION 


as  where  the  fire  creates  it-  own  weather — do  not  occur  in  the  model. 

Since  this  is  the  fundamental  distinction  between  firestorms  and  con¬ 
flagrations,  as  we  shall  presently  point  out,  the  model  essentially  ap¬ 
plies  only  to  the  Ialter. 

Other  research  on  postattack  firespread  models  pertinent  to  the 
rural/wi Id  land  case  has  been  done,  notably  by  Phung  and  Willoughby  (URS).^ 
The  URS  work  examines  the  basic  prerequisite?  for  several  "levels"  of 
models,  e.g.,  purely  empirical,  semi-empirical,  purely  theoretical  (i.e., 
analytical)  and  concludes  uhat  neither  the  first  nor  the  third  is  cur¬ 
rently  feasible.  Several  semi-emplrical  models  are  derived,  of  various 
degrees  of  sophistication  and  utilizing  both  deterministic  and  stochastic 
approaches.  In  most  cases  the  data  needed  to  fix  the  parameters  of  the 
models  is  found  to  be  inadequate  or  nonexistent.  The  two  needed  parame- 
ters--which  would  be  combined  with  other  available  dataware 

a.  the  mean  lifetime  of  a  fire  (as  a  function  of  fuel  density, 
type,  weather  conditions,  etc.) 


HI-518-RR 


Table  2~3 
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FIGURE  2.7 
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b.  the  mean  burning  time  of  various  types  of  fuels  under  known 
conditions.  The  numbers  shown  in  Table  2“3  and  Figure  2.7 
are  considered  by  the  authors  insufficiently  accurate  for 
predictive  purposes,  although  the  data  could  probably  be  up¬ 
graded  fairly  readily. 

Phung  and  Willoughby  conclude  that  the  best  model  available  at  pres¬ 
ent  is  one  (which  they  describe)  based  on  the  assumption  that  fires  (once 
ignited)  either  go  out  immediately  or  spread  indefinitely  until  fuel  or 
weather  conditions  change.  Such  a  model  would  be  based  on  the  "no  spread" 
conditions  summarized  previously,  together  with  rates-of-spread  data  such 
as  given  by  Figure  2.5.  An  earlier  version  of  the  URS  work  (known  as  the 
"Broadview  Model") '2  was  the  basis  of  an  attempt  by  the  Forest  Service  to 
estimate  maximum  fire  spread  in  each  of  421  acres  of  the  U.S.  as  a  func¬ 
tion  of  weapon  size  and  month  of  the  year. ^3  The  calculations  cannot  be 
evaluated  adequately  without  a  detailed  critique  of  the  assumptions  used. 
However,  we  should  point  out  that  the  USFS  calculated  fire  spreads  were 
considerably  greater  than  those  suggested  in  Table  2“6. 

A  model  which  is  somewhat  akin  to  the  one  described  above  will  be 
used  hereafter.  It  is  difficult  to  estimate  probable  firespread,  even 
crudely,  because  one  cannot  justifiably  make  the  calculation  on  the  basic 
initial  assumption  of  "average"  conditions.  In  the  first  place,  the  sea¬ 
sonal  variation  is  such  that  actual  conditions  at  a  given  time  are  likely 
to  differ  appreciably  from  the  average.  Data  for  various  regions  is  shown 
in  Tables  2*4  and  2-5  and  cn  the  map.  Figure  2.9.^  The  probabilities  ex¬ 
hibited  in  the  two  tables  are  for  two  mutually  exclusive  situations.  We 
have  not  shown  the  corresponding  data  for  the  other  two  distinguishable 
cases,  i.e,,  such  that  fires  will  not  ignite,  and  such  that  fires  will  ig¬ 
nite  but  will  go  out  without  any  action  by  f  i  ref  ighters  J5  Moreover,  the 
"average1  fire  does  not  occur  under  "average"  conditions:  m  fact,  75**90% 
of  total  fire  damage  is  caused  by  $~7%  of  the  Pres,  which  take  place  on 

2-5%  of  the  days  of  the  year. 

It  is  well  known  that  the  most  destructive  fi res --corresponding  to 
large  values  of  i  (see  Appendix  F)— are  closely  correlated  with  the  occur¬ 
rence  of  "fire  weather"  (low  humidity,  high  wind,  extended  drought).  Fires 
ignited  under  such  conditions  are  nearly  impossible  to  control,  but  continue 
to  spread  until  the  weather  changes  or  the  fuel  is  used  up.  Average  firs 
spread  under  sjch  conditions  may  he  estimated  crudely  by  (1)  assuming  a  con¬ 
stant  ignition  probability  throughout  the  part  of  the  year  during  which  ig¬ 
nition  is  physically  possible,  to  account  for  the  total  number  of  catalogued 
fires,  and  (2)  assuming  the  number  of  fires  ignited  during  extreme  burning 
conditions  i>  proportional  to  the  ratio  of  "critical"  days  to  "possible  ly- 
nitioH'days  in  the  forested  areas.  To  simplify  matters  further,  we  assume 


■^Such  skew  distributions  are  actually  fairly  commonplace  and  occur  In 
a  wide  variety  of  contexts,  Simon  has  demonstrated  rather  convincingly  that 
the  similarity  among  diverse  classes  of  such  distributions  arises  because  of 
common  underlying  probability  mechanisms,  which  can  be  described  by  a  sto¬ 
chastic  model. *7  The  basic  assumptions  can  be  stated  in  terms  which  make  it 
plausible  that  the  fire-damage  distribution  should  fce  of  the  same  general 
form.  A  sketchy  outline  of  the  argument  is  given  in  Appendix  F. 
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that  there  are  no  significant  forests  in  the  Southern  California  (SC), 
Southwest  (SW),  Central  In1  rmountain  (Cl),  *  Southern  Plains  (SP) ,  North¬ 
eastern  Plains  (NEP),  and  Northwestern  Plains  (NWP)  areas,  and  that  the 
other  areas  contribute  equally  in  terms  of  some  appropriate  measure  of 
value  ■'t  risk.  See  Table  2-4. 

Covering  the  regions  specifically  not  omitted,  we  find  an  annual 
average  probability  of  1.7 &  for  critical  fine  weather  conditions  and  55.7% 
for  possible  ignition  cond  tions;  which  implies  that  roughly  3%  of  all 
ignitions  in  forests  occur  during  critical  conditions.**  As  pointed  out 
earlier,  these  fires  probably  account  for  3/4  or  4/5  of  all  acreage  burned. 
Thus,  the  "average"  fire  ignited  during  critical  fire  weather  burned  ap¬ 
proximately  1,000  acres  or  1.5  square  miles.  Of  the  remaining  fires 
roughly  half  would  have  occurred  in  "actionable  but  controllable"  weather 
conditions  and  half  under  conditions  requiring  no  action  of  any  kind.  On 
the  basis  of  the  assumed  damage  distribution  function  it  is  clear  that 
most  of  the  remaining  damag*.  was  done  by  "actionable"  fires.  On  this  ba¬ 
sis,  the  average  fire  ir  the  "actionable"  class  would  have  burned  perhaps 
12  or  i3  acres,  while  the  remainder--haif  the  total --accounted  for  a  neg- 
ligide  proportion  of  the  damage. 

From  the  point  of  view  of  assessing  probable  fire  damage  from  nuclear 
attack,  it  is  clear  that  there  are  three  roughly  distinguishable  cases: 

a.  no  spread:  about  50%  of  the  ignitions; 

b.  actionable --moderate  spread:  about  50%  of  the  ignitions; 

c.  cr 1 tical--wide  spread:  about  3%  of  the  ignitions  in  forested 

areas. 

One  can  make  a  somewhat  finer  distinction  with  regard  to  seasonal 
variation.  The  probability  of  critical  and  actionable  conditions  is  ex¬ 
tremely  low  during  the  winter  months  (November -March)  and  highest  In  the 
summer  (June-Septenber ) .  On  the  other  hand,  "no  spread"  conditions  are 
most  likely  at  times  wher  critical  fire  weather  is  least  likely. 

Similarly,  ignition  radii  will  vary  roughly  in  accordance  with  the 
same  rule:  critical  fi respread  conditions  will  correspond  -oughly  to 
maximum  visibility  ***  -ctionable  conditions  are  more  likely  to  correspond 
to  intermediate  visibility  and  "no  spread"  conditions  to  low  visibility. 


vThe  weither  conditions  for  the  forested  mountain  areas  of  Colorado 
are  probably  not  very  typical  of  the  area  as  a  whoie;  hence  it  seems  better 
to  excHde  this  region. 

**The  omitted  regions  have  some  forests*  and  a  generally  higher  proba¬ 
bility  cf  critical  conditions,  as  Table  2-4  shows.  However,  the  included 
reqlons  ar«  not  uniformly  forested,  nor  homogeneous  es  regards  weather ,  end 
the  resulting  tendency  Is  probably  to  overestimate  the  probability  of  criti¬ 
cal  conditions  In  the  forested  sections  of  these  regions,  which  are  typically 
in  the  hillier  areas  where  rainfall  is  greater  than  the  regional  average. 

^'Maximum  visibility  will  occur  far  more  often,  ho*ever. 
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Total  area  of  spread  can  be  estimated  crudely  by  assuming  everything 
within  the  "standard"  ignition  range  (10  cal/cm2.J  burns,  contributing  TTR2, 
and  assuming  a  downwind  spread  in  a  fan-shaped  pattern  adding  a  term  pro¬ 
portional  to  the  ignition  perimeter,  The  proportionality  fac¬ 

tor  o',  which  we  denote  the  "coefficient  of  spread,"  depends  on  the  pre¬ 
vailing  weather  conditions.  It  can  be  estimated  by  means  of  the  foliowing 
device:  assume  a  point  ignition  and  a  "distance  of  spread"  a  in  the 
downwind  direction.  From  the  argument  presented  previously,  we  can  equate 
the  area  of  the  fan-shaped  region  1/4  1Tr2  with  the  average  areas  burned  in 
the  three  cases: 


a.  no  spread: 

b.  "actionable": 

whence 

c.  "critical": 

whence 


a  -  0 

1/4  T1R2  --  )2  acres  or  .Cl 9  mi2 
or  “  0. 15  mi . 

1/4  TfctZ  =  i  ,000  acres  or  1 . 5  mi 2 
a  =  1 .4  mi . 


The  area  of  spread  downwind  from  a  circular  fire  front  (with  radius  R)  can 
be  approximated  by  the  area  of  an  annulus  extending  halfway  around  the 
circle  (see  Figure  2.3),  viz.,  0^2  +  (Tf/2)]R.  Evidently  the  total  area 
burned  would  be 

A  =  TfR2  +  cr[2  +  (TT/2)]R. 


FIGURE  2.8 


FI  RESPREAD  FROM  POINT  SOURCE 


FI RESPREAO  FROM  CIRCULAR  LINE  SOURCE 


HI-513-RR 


2-19 

Toble  2-6 

ignition  and  Fire  Spread  Under  Alternative  Circumstances 

1  MT  10  MT 

- . - _  %  - - - - - - 


R  (mi ) 

o' (m  i ) 

A  (m  i  2 ) 

Spread 

R  (m  i ) 

o (mi ) 

A  (m  i  2) 

Spread 

No  Spread 

3 

0 

28 

0 

7 

.0 

155 

0 

Act ionable 

8  . 

0. 15 

207 

2 

18 

0.>5 

1030 

1 

Critical 

9 

1.4 

300 

1?  : 

21 

1.4 

1515 

8.5 

Our  various  conclusions  and  judgments  to  date  are  summarized  in 
Table  2“6.  It  can  be  readily  seen  that  the  fractional  spread  is  gen¬ 
erally  rather  small  compared  with  the  t.tal  area  burned,  according  to 
the  model  assumed.  It  may  be  argued,  or  course,  that  spread  from  a  line 
source  would  tend  to  proceed  slightly  fur.:er,  on  the  average,  than  spread 
from  a  point  source,  because  of  the  large  ». umber  of  possible  "paths"  for 
the  fire  to  take.  However,  at  least  in  the  "critical"  case,  this  possi¬ 
bility  seems  unlikely  to  make  much  difference,  since  the  fire  is  assumed 
to  have  no  probability  of  going  out  by  itself,  and  even  a  fire  starting 
from  a  point  source  converts  itself  into  a  "line"  source  after  its  ini¬ 
tial  period  of  spread. 

A  more  important  caveat  is  that  the  average  fire  spread  in  the  "ac¬ 
tionable"  case  wa*  calculated  on  the  basis  of  current  statistics,  which 
subsume  an  effective  fire-spotting  and  fire-fighting  capability.  In  the 
event  of  nuclear  war  this  capability  might  be  either  degraded  or  over¬ 
whelmed,  or  both.  F-actional  spread  could,  therefore,  be  somewhat  higher 
than  the  1-2%  range  indicated,  although  the  author  suspects  that  it  should 
remain  well  below  the  7.5-15%  range  characteristic  of  fire  spread  during 
critical  conditions  when  control  techniques  are  assumed  to  be  ineffective. 
This  conclusion  is  controversial,  however,  and  may  be  modified. 

A  conclusion  worth  reiterating  is  that  t>o  matter  what  the  source  of 
ignition— 1  ightning,  matches,  or  incendiary  attack  (whether  napalm,  phos¬ 
phorous  bombs  or  thermonuclear  explosi ves)—  smal  1  fires  In  forests  ere  not 
likely  to  coalesce  into  mass  fires,  and  mass  fires  are  not  likely  to  spread 
locally  In  the  absence  of  those  conditions  which  characterize  the  seasonal 
periods  of  maximum  firs  dangers.  These  periods  naturally  differ  for  the 
different  areas  of  the  United  States  (see  Figure  2.9).  Of  course,  even 
during  the  fire  season,  there  are  relatively  few  days  of  maximum  danger, 
and  the  extent  of  the  average  hazard  mty  vary  considerably  in  a  given  area 
from  year  to  year  according  to  weather  conditions*  For  example,  In  a  re¬ 
cent  three-year  period  several  states  of  the  Southwest  suffered  abnormal 
dry  spells,  while  during  the  same  period  large  areas  of  Texas  had  exces¬ 
sive  rainfall.  It  is  clear,  therefore,  that  no  appraisal  can  realistically 
assume  extreme  fire  conditions  prevailing  over  large  parts  of  the  country 
at  any  one  time, 


MAXIMUM  RISK  SEASONS  BY  REGION 


re  Stations  Denoted  By 
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Conflagrations  and  Firestorms 

A  significant  characteristic  of  mass  fires  is  the  presence  of  a  large 
convection  column  extending  thousands  of  feet  into  the  atmosphere.  Conse¬ 
quently,  whereas  small  fires  are  influenced  mostly  by  surface  weather  con¬ 
ditions,  the  direction  and  spread  of  mass  fires  are  more  influenced  by  the 
characteristics  at  higher  altitudes.  (For  example,  embers  which  are  car¬ 
ried  up  into  the  column  are  then  transported  by  the  preva i 1 ing  winds  which 
may  be  flowing  in  a  different  direction  and  speed  from  the  surface  winds.) 
While  it  is  known  that  under  certain,  cond i tions  mass  fire  spread  is  fairly 
independent  of  surface  wind  spe^d,  t’  ere  is  not  yet  sufficient  empirical 
evidence  to  fully  justify  the  alternative  view  that  spread  is  dependent 
upon  upper  winds,  except  in  the  sense  noted  above  in  connection  with  the 
spread  of  burning  materials.  ° 

The  formation  of  a  convection  column  depends  upon  temperature  and 
wind  speed,  plus  the  efficiency  of  the  fire  as  a  heat  source.  Convection 
column  characteristics  and  the i r  influence  upon  fire  spread  provide  some 
foundation  for  the  view  that  the  characteristics  of  mass  fires  resulting 
from  nuclear  attack  might  be  similar  to  those  of  mass  fires  of  the  past, 
assuming  similar  fuel,  weather,  and  topographic  conditions.  A  mass  fire 
of  about  a  mile  in  diameter  can  produce  a  convection  column  up  to  25,000 
feet  in  height.  Since  about  70%  of  the  atmosphere  lies  below  this  alti¬ 
tude,  it  has  been  argued,  the  fire  is  thus  "infinitely"  large  and  its  be- 
havior  will  be,  in  many  ways,  essentially  the  same  as  that  of  a  fire  a 
thousand  times  larger. 

A  conflagration  is  a  .ass  fire  which  moves  along  the  ground  as  a  one¬ 
dimensional  front  under  the  influence  of  natural  winds,  with  a  moving  con¬ 
vection  column  tilted  to  leeward  ahead  of  the  fire.  The  higher  the  ambient 
wind  velocity,  the  more  the  column  "leans"  and  the  more  firebrands  are 
scattered  upon  fresh  combustible  material.  Since  a  conflagration  tends  to 
spread  until  it  reaches  a  firebreak  or  is  affected  by  a  change  in  wind  or 
humidity,  the  result  is  that  it  can  burn  over  a  very  large  area.  A  special 
category  of  conflagration  is  the  so-called  "catastrophic"  fire,  a  term  ap¬ 
plied  to  fir^s  which  burn  over  areas  of  150  square  miles  or  more.  As  we 
will  see  from  an  analysis  of  historical  examples,  very  extreme  and  unusual 
weather  conditions  are  associated  with  such  fires.  The  method  of  original 
ignition  is  probably  not  important  in  these  cases. 

The  temporal  burning  pattern  for  conflagration-type  fires  is  fairly 
standard  (see  Figure  TypicaHy  the  period  of  maximum  burning  is 

fairly  short,  followed  by  a  more  or  less  extended  cooling-off  period.  The 
permanent  damage  done,  e.g,,  to  life  forms  beneath  the  soil  surface  such 
as  seeds,  spores,  eggs,  grubs,  etc,,  depends  on  the  length  of  time  a  high 
surface  temperature  is  maintained. 

Clearly  it  makes  some  difference  whether  the  peak  temperature  phase 
is  short,  followed  by  a  long,  relatively  cool,  period  of  smouldering,  o> 
whether  most  of  the  fuel  is  burnt  in  the  active  period,  followed  by  a  ra¬ 
pid  cool-off,  Table  2"3  shows  how  typical  fuel  types  normally  behave. 
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Note  that  the  heavier  the  fuel,  the  greater  fraction  of  the  total  energy 
Is  released  under  relatively  cool  conditions  which  would  not  result  in 
serious  damage  below  the  surface,  so  that  damage  does  not  increase  quite 
linearly  with  fuel  weight. 

A  firestorm  differs  from  a  conflagration  in  that  a  massive  vertical 
and  stationary  convection  column  is  formed  which  draws  surrounding  air 
from  all  points  of  the  compass  into  the  fire  area.  The  rate  of  burning 
(i.e.,  removal  of  oxygen)  combined  with  expulsion  of  hot  air  and  gas  up 
the  convection  "chimney"  is  such  as  to  cause  inrushing  winds  of  near¬ 
hurricane  intensity  around  the  perimeter.  The  fire  literally  creates 
its  own  weather.  After  the  fire  raid  on  Leipzig  in  World  War  li,  a  wind 
velocity  of  3^  miles  per  hour  was  reported  at  a  weather  station  two  and 
a  half  miles  from  the  edge  of  the  fire.  This  wind  velocity  apparently 
increased  rapidly  as  one  neared  the  fire  perimeter. 22  Since,  except  for 
gusts,  the  winds  tend  to  blow  concentrically  toward  the  center  of  the  fire, 
there  is  likely  to  be  little  fire  spread  beyond  the  area  originally  affected. 
The  World  War  II  firestorms,  Hiroshima,  Hamburg,  and  Dresden,  generally 
burned  less  than  the  area  originally  ignited. 

Several  relatively  special  conditions  are  probably  required  for  a  fire¬ 
storm  to  result  from  a  nuclear  attack:  a  large  number  of  ignitions  within 
the  area,  relatively  flat  terrain,  light  winds,  and  a  fairly  uniform  dense 
distribution  of  combustible  materials.  There  is  probably  no  lower  limit  on 
size,  contrary  to  what  might  be  expected.  Forest  service  personnel  claim 
that  small  firestorms  occur  fairly  regularly  in  conjunction  with  forest 
tires,  i.e.,  in  localized  areas.  The  maximum  size  of  a  firestorm  may  (or 
may  not)  be  limited.  To  set  a  more  quantitative  set  of  criteria  would  re¬ 
quire  a  deeper  analysis  than  any  which  has  been  done  to  date.*  The  theo¬ 
retical  difficulties  may  be  inferred  from  the  consideration  that  the  first- 
order  interaction  between  turning  conditions  and  weather  which  is  applicable 
to  conflagrations  is  clearly  inadequate  in  the  present  case.  As  we  have  al¬ 
ready  remarked,  the  firestorm  essentially  creates  its  own  weather,  which  im¬ 
plies  a  higher  order  relationship  of  the  form: 

weather— burning  conditions  — >  weather. 

In  familiar  term inology ,  such  a  relation  is  intrinsically  non-linear.  Ex¬ 
cept  for  a  few  fortuitous  mathenatical  models  which  can  be  solved  exactly, 
non-linear  problems  are  extremely  intractable  in  general  because  one's  us¬ 
ual  approximation  methods  either  have  an  excessively  narrow  region  of  va¬ 
lidity  or  fail  altogether. 

We  would  conjccturc--ai though  it  would  be  hard  to  find  definite  con¬ 
firming  evidencc--that  one  difference  between  a  firestorm  and  a  conflagra¬ 
tion  is  that  the  "forced  draft,"  characteristic  of  the  former,  would  resuli 
in  more  complete  fuel  consumption  during  the  violent  phase  of  burning,  and 
consequently  greater  long-term  damage.  This  is  one  respect  in  which  a  fir<  * 
storm  produced  by  a  nuclear  explosion  might  differ  significantly  from  a  con¬ 
flagration  or  catastrophic  fire  from  natural  causes.  The  possible  biological 
consequences  of  this,  discussed  later  (Chapter  IV.  section  6),  may  be  quite 
important,  however. 


•7.  Levina  s  son  of  Dikewood  Corporation  is  currently  attempting  to  de¬ 
velop  such  a  treatment.  His  results  are,  unfortunately,  not  yet  avai lable. 
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5.  Past  Experience 

Forest  fire  experience  of  the  past  provides  the  only  relevant  major 
criterion  we  can  apply  to  the  problem  of  estimating  the  thermal  effects 
of  nuclear  war.  Table  2“7  summarizes  forest  fire  experience  in  the  con¬ 
tinents’  United  States  for  the  period  1926*59.23 


Table  2-7 

Fflrft&t  Area  Burned  Annually  and  Numbers 
Of  fires  in  Continental  United  States 


Period 

Average 
Area 
Burned 
(sq.mi . ) 

Max i mum 
Area 

Bu rned 
(sq.mi . ) 

Minimum 
Area 
Burned 
(sq.mi . ) 

Average* 
No.  of 

Fi  res 

Max i mum 
No.  of 

Fi  res 

Minimum* 

No.  of 

Fi  res 

1926-36 

65,000 

81,000 

38,000 

161,420 

226,285 

91,793 

1937-47 

39,900 

52,800 

25,900 

188,438 

232,229 

124,728 

1948-58 

16,000 

25,900 

5,125 

157,268 

208,400 

83,391 

1957-59 

5,340 

5,570 

5,125 

95,241 

104,422 

83,391 

Organized  cooperative  efforts  by  government,  state  and  local  authori¬ 
ties  and  private  organizations  to  prevent  and  fight  wildland  fires  only  be¬ 
gan  during  the  first  decade  of  this  century  and  did  not  reach  a  high  degree 
of  effectiveness  until  the  late  ‘30's.  By  1959,  94.7%  of  the  forest  land 
in  the  continental  United  States  had  organized  fire  protection.  The  effect 
of  this  is  very  apparent  in  the  above  table.  During  the  period  from  1926- 
1936,  organized  fire  protection  was  not  so  widespread:  65,000  square  miles 
of  forest  area  burned  annually  on  the  average,  while  in  the  last  period  of 
high  protection  this  was  reduced  to  5,340  square  miles  per  year.  For  the 
period  from  1926-1936,  fire  fiqhting  had  less  influence  on  the  annual  burn 
rate.  The  differences  from  year  to  year  in  any  period  are  probably  due 
almost  entirely  to  weather  variations,  ?s  these  affected  burning  conditions. 
The  lowest  annual  burn  area,  38,000  square  miles,  was  in  1926,  while  each 
of  the  years  1930  and  1931  account  for  81,000  square  miles.  Hill  has  sug¬ 
gested  that  this  two-year  period  is  perhaps  the  most  pertinent  for  esti¬ 
mating  the  effects  of  weather  conditions  alone  on  the  extent  of  fire  caused 
by  nuclear  attack,  since  no  other  variable  changed  significantly  during  the 
decade.  From  this  we  arrive  at  the  conclusion  that  the  range  of  damage 
from  a  nuclear  attack  of  given  size  would  vary  by  a  factor  of  two  or  so 
from  the  best  to  the  worst  years. 24  This  is  not  quite  germane,  however, 
since  an  attack  would  presumably  occur  on  a  particular  day  when  the  weather 
pattern  would  not  In  fact  be  average,  and  the  worst  case  for  a  single  day 
may  be  much  more  extreme  than  the  worst  seasonal  average. 

An  even  more  significant  index  is  the  historical  incidence  of  "catas¬ 
trophic"  fires.  It  Is  usual  practice  to  reserve  this  term  for  fires  which 
spread  over  areas  of  I  SO  square  miles  or  more.  Since  I8?5  there  have  been 
12  o.cat  catastrophic  forest  fires  in  the  United  States.  In  the  period 
f rom  1825-1910  there  were  eight  great  fires  which  burned  areas  varying 


*!•>  recent  years  the  number  has  been  pushed  up  by  improved  reporting 
of  v-  ry  small  fires  which  tends  to  make  the  figures  lor  successive  decades 
hard  to  compare. 


Table  2*8 

Historical  Incidence  of.  ^Catastrophic11  Fires 
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Area 


Eastern  Wise. 
(Peshtigo)  S- 
Central  Mich. 

Mi  rami  chi  (New 
Brunswick)  & 
Maine 

Idaho 


Ft.  Yukon, 
Alaska 

Wisconsin  & 
Hinkley,  Minn. 


Yacoult-West. 
Washington  & 
Oregon 


E.  Michigan 


Ad i rondacks, 
New  York 


Ti 1 lamook, 
Oregon 


Maine  (Mt. 
Desert  Island) 

Maine 


Oates 

Cause  of  Ignition 
and  Spread 

Area 

Mi. 2 

Combustion 

Energy 

Released 

(MT) 

Oct.  8, 

18'/1 

Me  rg i ng  of  many  sma 1 1 
logging  fires;  long 
drought,  high  winds 

5900 

300 

Oct.  7, 

1825 

II  II  II  II  II  II  II 

4700 

240 

Aug.  10- 
21,  1910 

II  II  It  II  II  II  II 

4700 

240 

1950 

— 

2500-3500 

130-180 

Aug. -Sept. , 
1894 

Sept.  1, 
1894 

II  II  II  II  II  II  II 

but  moderate 
winds 

2000-3000 

100-150 

Sept.  12- 
13,  1902 

but  moderate  to 
strong  winds.  Over 

1 1 7  separate  large 
f i res. 

1500-2000 

75-100 

Sept.  1-5, 
1881 

but  only  moderate 
winds.  Some  lightning 
fires. 

1500 

75 

Primarily 
May  28- 
June  3. 

1903 

Merging  of  fires  from 
campers,  incendiaries 
Dry  spring;  strong 
winds. 

;  1000 

50 

Aug.  14- 
25.  1933 

2  ignition  points; 
long  drought.  Fire 
burned  slowly  until 
hot  gale  force  winds 
on  Aug.  24-25. 

486  (420 
m! .  in  20 
hou  r  s ) 

24 

Oct.  1957 

II  II  II  II  1)  li  II 

375 

19 

Oct.  21-  Long  drought,  many  3-0 

25.  1947  small  f:ros,  low  hu- 
midi ty.  high  winds 
(50  tires  burning). 
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250  square  miles  to  5»900  square  miles  each.  Since  1910  there  have 
been  four  fires  which  have  burned  over  I56  square  miles  to  469  square 
miles  per  fire.  Table  2-8  gives  pertinent  details  on  these  fires. 25 

The  relative  rarity  of  catastrophic  fires  is  due  to  the  fact  that  very 
special  conditions  must  occur  in  juxtaposition  for  them  to  be  possible: 
typically,  extended  drought,  a  hot  dry  spell  with  low  humidity,  followed 
by  high  winds. 

It  is  worth  noting,  by  the  way,  that  none  of  these  fires  was  brought 
under  control  in  the  first  instance  by  human  fire-fighting  efforts,  but  by 
natural  barriers  such  as  lakes,  rivers,  and  deserts  or  by  changes  in  the 
winds.  However,  the  average  area  burned  in  such  fires  has  decreased  over 
the  years.  There  are  several  reasons  for  this,  including  improvements  in 
silviculture  and  more  firebreaks  because  of  the  clearing  of  la^ge  areas  of 
the  forest  for  agricultural  and  other  purposes  as  the  country  becomes 
settled.  These  factors  obviously  have  a  bearing  upon  the  probability  of 
the  occurrence  of  catastrophic  fires,  the  number  of  such  fires,  and  the 
degree  of  burned-over  area  in  the  event  of  nuclear  war.  As  Hill  also 
points  out,  there  must  have  been  numerous  fires  in  the  period  before  the 
European  immigrants  came  to  this  country.  If  there  had  not  been  natural 
barriers,  weather  changes,  firebreaks,  etc,,  to  stop  the  spread  of  fire, 
most  of  the  country  would  have  been  burned  over  in  the  pre-civilized  era. 

In  summary,  the  occurrence  of  catastrophic  fires  is  not  likely  to  be 
a  function  of  ignition  sources,  be  they  natural  causes  such  as  lightning 
or  events  such  as  nuclear  attack.  Very  extreme  weather  and  fuel  conditions 
must  exist  and  these,  as  noted,  are  rare. 
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A  discussion  of  the  atmospheric  effects  of  a  large  nuclear  attack 
can  logically  be  divided  into  (I)  short-term  interactions  in  the  tropo¬ 
sphere,  (2)  the  effects  (possibly  lasting  for  years)  resulting  from 
disturbances  in  the  stratosphere,  and  (3)  indirect  physical  effects  on 
the  micro-climate  of  the  surface  (especially  water  economy  and  erosion) 
and  interactions  between  the  micro-  and  macro-climate.  The  latter  are 
mostly  reserved  for  Chapter  IV. 


1  •  Tropospheric  Effects 

Because  of  rapid  mixing  and  scavenging  by  wind  and  rain,  debris 
from  nuclear  explosions  has  only  a  short  residence  time  in  the  tropo¬ 
sphere,  measured  in  days,  or  weeks,  at  most.  After  the  larger  frag¬ 
ments  (local  fallout)  settle  to  the  ground  the  only  source  of  contam¬ 
ination  is  the  comparatively  slow  trickle  of  fine  dust  particles  from 
the  stratosphere  above.  Hence,  meteorological  effects  of  appreciable 
magnitude  are  likely  to  be  limited  in  duration  and,  therefore  limited 
in  terms  of  capability  to  cause  long-term  damage 

The  most  obvious  possibility  is  that  changes  in  weather  patterns  might 
arise  simply  because  of  the  quantity  of  heat  dissipated  in  tne  atmosphere 
by  nuclear  explosives.  The  amount  of  kinetic  energy  involved  at  a  given 
moment  in  a  typical  great  hurricane  is  equivalent  to  roughly  1 70  MT's*  (set 
Appendix  t) ,  which  suggests  on  a  simplistic  energy  comparison  basis  that  a 
nuclear  war  involving  3000  MT's,  half  of  which  is  dissipated  In  the  air, 
might  produce  some  meteorological  consequences.  On  the  other  hand,  single 
airbursts  of  weapons  in  the  range  of  10-50  MT's  have  not,  ir  practice, 
triggered  any  storms  or  other  meteorological  events.  This  negative  result 
was  in  accord  with  the  expectations  of  meteorologists  at  the  time,  although 
one  could  not  have  ruled  out  all  other  possibilities  a  priori . 

The  major  ways  in  which  nuclear  weapons  detonated  In  the  atmosphere 
might  influence  weather  a  e  (I)  by  selectively  Increasing  vertical  mix¬ 
ing  (convection),  and  (2)  by  modK/ing  the  precipitation  mechanism. 

The  first  is  suggested  by  the  fact  that  the  fireball  of  a  nuclear 
explosion  heats  and  entrains  a  large  cubic  volume  of  air,  which  rises 
until  it  expands  and  cools  adiabatical ly  to  the  temperature  of  the 
surround Inq  air.  As  the  air  mass  rises,  it  eventually  (depending  cn 
initial  humidity)  cools  to  the  dew  point  and  water  vapor  condenses  to 
form  clouds,  releasing  a  considerable  amount  of  latent  heat  of  conden¬ 
sation  in  the  process.  Thus  the  process  of  cooling  with  altitude  slows 
down  anu  follows  a  much  steeper  curve  (see  Figure  3*0  until  it  inter¬ 
sects  the  temperature  profile  curve  of  the  surioundlng  atmosphere.  At 
this  point  the  temperatures  are  equalized  end  the  air  mass  ceases  to  rise. 


*Total  energy  dissipated  over  the  hurrlce.^'s  lifetime  may  bs  much 
greater,  but  a  reliable  number  is  extremely  hard  to  estimate. 
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FIGURE  3. I 

ALTITUDE  VERSUS  TEMPERATURE  OF  HEATED  AIR 


Altitude 
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The  amount  of  air  wiiich  can  be  raised  by  1  MT  from  ground  level  to  the 
tropopause  is  probably  of  the  order  of  5  x  10^3  cubic  feet,  or  ~  500 
cubic  mi les . 

A  nuclear  war  involving  jOOOMT's  of  nuclear  explosives  might  there¬ 
fore  result  in  lifting  something  like  1,500,000  cubic  miles  of  air.  This 
would  effect  a  substantial,  if  temporary,  enhancement  of  the  normal  rate 
of  turbulent  heat  transfer  between  the  surface  of  the  earth  and  the 
atmosphere.  The  results  seem  likely  to  be  twofold.  In  the  first  place, 
some  of  the  condensed  moisture  might  come  down  as  rain,  at  least  to  the 
extent  that  other  essential  preconditions  for  precipitation,  e.g.  freezing 
nuclei,  are  present.  Second,  and  more  important,  the  temperature  pro¬ 
file  of  the  troposphere  might  be  altered  for  a  time. 

The  characteristic  pattern  of  thunderstorms  is  excess  heating  at  the 
surface  of  the  ground,  compared  with  aloft,  which  creates  vertical  insta¬ 
bilities  (updrafts)  and  violent  turbulence,  often  accompanied  by  heavy 
rain.  As  long  ago  as  1839,  James  Espy  suggested  that  brush  could  be  burned 
in  periods  of  drought  to  stimulate  convection  and  cloud  formations. 2  The 
idea  has  been  tried  and  found  promising  in  equatorial  Africa  in  recent 
years. 3  The  Esso  Research  &  Engineering  Company  has  suggested  that  asphalt 
paved  areas  of  sufficient  size  in  selected  tropical  regions  might  stimulate 
rainfall.  Forest  fires  and  firestorms  have  also  occasionally  been  observed 
to  produce  rain.  . 

In  addition,  however,  much  of  the  heat  produced  by  the  nuclear  ex¬ 
plosions  themselves,  plus  a  large  contribution  of  latent  heat  of  con¬ 
densation,  plus  the  heat  content  of  the  lower  air  (previously  in  thermal 
contact  with  the  ground)  would  all  be  carried  upward  where  they  would 
tend  to  increase  the  temperature  at  the  top  of  the  troposphere.  In 
some  cases  temperature  inversions  might  occur,  but  more  generally  the 
result  would  probably  be  that  thermal  radiation  from  the  atmosphere  would 
increase  to  counterbalance  the  rise  in  temperature.  Much  of  this  energy 
would  ultimately  be  lost  to  space,  rather  than  returned  to  the  lower 
atmosphere.  Moreover,  the  upper  troposphere  would  presumably  be  cloudier 
than  usual,  because  of  the  above-mentioned  condensation,  resulting  in 
increased  reflection  of  solar  radiation  and,  at  the  same  time,  more 
effective  absorbtion  and  reflection  of  outgoing  thermal  radiation  from 
the  earth.  The  balance  of  the  latter  two  factors  would  probaoly  depend 
on  latitude:  in  polar  regions  where  solar  radiation  (per  unit  area)  is 
weak  because  of  the  nearly  horizontal  incidence,  clouds  would  lead  co 
net  warming  of  the  lower  atmosphere;  in  the  tropics  the  reverse  might  be 
true.  On  the  average,  however,  clouds  are  more  effective  at  preventing 
thermal  radiation  from  escaping  than  in  excluding  solar  radiation  (similar 
to  the  "Greenhouse  Effect").  This  would  mitigate  the  over-all  heat  loss. 

Qualitative  considerations  suggest  that,  on  balance,  the  lower 
troposphere,  and  the  surface  or  the  ground,  would  be  substantially  cooler 
and  drier  for  some  time  (weeks)  after  the  detonation  of  a  large  number 
nuclear  weapons,  while  the  upper  troposphere  would  be  warmer  and  cloudier. 
There  would,  in  all  likelihood,  be  some  net  loss  of  heat  into  space,  the 
amount  depending  on  the  detailed  balancing  of  the  various  factors. 
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Specialized  instances  of  possible  consequences  of  vertical  insta¬ 
bility  such  as  the  possibility  of  "vent i ng"— punching  a  hole  through  a 
semi -permanent  inversion  (e.g.,  over  Los  Angeles)  are  not  of  signifi¬ 
cant  importance  for  our  present  considerations,  since  the  requisite 
conditions  are  not  widespread.  The  possibility  of  producing  heavy 
rain  as  a  result  of  low  thermonuclear  bursts  over  water  can  be  dismissed 
also,  since  the  quantities  of  water  evaporated  are  not  impressive.  For 
example,  l  MT  or  10  ^  calories  is  sufficient  to  evaporate  2  x  10°  kg.  of 
waterr-which  would  yield  only  1/5  of  an  inch  of  rain  over  a  200-square-mile 
area. 

It  has  also  been  suggested  that  cyclonic  storms  (c.g.,  hurricanes) 
might  be  deliberately  modified  by  using  thermonuclear  explosives.  One 
method  would  be  to  cbariae  the  direction  of  the  storm's  path  by  modifying 
the  synmetry  of  the  stor  t  pattern.  The  second  would  be  to  remove  a 
portion  of  the  warm  air  in  the  eye  of  the  storm  by  induced  upward  con¬ 
vection,  thus  "cooling  off"  the  storm  both  literally  and  figuratively. 

The  second  technique  appears  slightly  more  promising,  but  both  are 
completely  hypothet i ca 1 .  The  relevance  of  either  possibility  to  a 
post-nuclear  attack  situation  seems  almost  nil,  in  any  case. 

Modification  of  the  mechanisms  responsible  for  precipitation  is 
another  interesting  possibility.  It  is  thought,  currently,  that  two 
different  basic  mechanisms  are  operative.  The  first,  suggested  b; 

T.  Bergeron  (1953;  and  confirmed  by  W.  Findeisen  (1938)/  is  essentially 
that  in  supercooled  regions  of  high  clouds  (e.g.,  cirrus)  ice  crystals 
are  formed,  <_nd  that  these  are  "hydrophilic,"  i.e.,  they  tend  to  grow  at 
the  expense  of  water  vapor  in  the  surrounding  region,  which  reduces  the 
ambient  humidity  and  causes  droplets  of  liquid  water  in  the  vicinity  to 
evaporate.  In  suitable  circumstances  these  ice  crystals  can  grow  fair!, 
large  and  start  to  fall  rapidly  toward  the  earth.  Usually,  as  they  enter 
warmer  regions  of  the  atmosphere,  they  melt  and  arrive  as  rain.  Met nods 
of  artificial  rainmaking,  initiated  by  Langmuir,  bchaetfer  :nd  Vonnegut 
of  General  Electric, 8  depend  on  injecting  s:mu!  »ted  ice  crystals,  e.g., 
silver  iodide  or  dry  ice,  into  supercooled  clouds.  A  theory  lias  been 
advanced  that  dust  part'Ies  si  fling  I  own  through  the  st  t  aiosphet  p  iay 
a  similar  role  in  nature.  Periods  of  maximum  precipitation  have  been 
found  to  be  correlated  surprisingly  cicely  with  meteorite  showers ,  i.e., 
passages  of  the  earth's  orbit  through  ck.uus  of  interplanetary  dust, 
allowing  for  a  delay  of  30-31  days  retween  i.hr  date  of  "seeding"  at  the 
top  of  the  atmosphere  and  the  peak  rainfall  periods .9 

7  ft 

Between  10'  and  10°  tons  of  meteoric  dus f  (of  all  sizes)  enter  the 
top  of  the  atmosphere  annually.  This  is  comparab  k.  to  the  amount  o'" 
debris  which  woui^be  lifted  (on  the  basis  of  .75-  : or;  of  material  per 
ton  of  explosive)  by  10-100  MT's  of  thermonuclear  explosive,  detonated 
on  t lie  earth's  surface.  Several  types  of  day  soil,  including  kaolinite, 
have  been  found  to  be  comparable  to  silver  iodide  in  ice-nucleating 
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effectiveness.  The  presence  of  too  many  potential  nuclei  may  have  an 
adverse  effect,  however,  as  the  optimum  concentration  appears  to  be  of  the 
order  of  1-10  particles  per  liter.  If  more  are  present  the  resulting 
ice  crystals  may  not  be  able  to  grow  large  enough  (i.e.,  fast  enough) 
to  fall.  On  possible  consequence  of  a  larger  nuclear  war.  e.g.  1000  MT's 
and  up,  would  be  to  reduce  normal  precipitation  by  "poisoning"  the  at¬ 
mosphere  with  an  excessive  number  of  potential  freezing  nuclei. 

The  other  mechanism  known  to  be  involved  in  precipitation,  especially 
from  warm  clouds,  is  colloidal  instability.  For  reasons  not  well  under¬ 
stood,  droplets  in  warm  clouds  can  undergo  a  relatively  sudden  process 
of  coalescence  and  aggregation,  and  fall  as  rain.  This  phenomenon  can¬ 
not  be  explained  by  condensation  and  random  collisions  of  droplets  alone: 
the  collision  frequencies  for  reasonable  water  content  and  turbulence 
are  too  low  to  account  for  the  growth  of  raindrops  in  the  observed  time 
of  onset,  unless  one  postulates  extremely  long  trajectories  within  the 
cloud,  l.e.,  powerful  updrafts.  The  main  difficulty  is  to  account  for 
the  initiation  of  the  process,  which  requires  a  certain  number  of  large 
droplets.  One  tentative  explanation  which  has  been  advanced  is  that 
hygroscopic  water  soluble  crystals,  particularly  salt  particles  scooped 
up  from  the  surface  of  the  ocean,  tend  to  collect  enough  water  in  which 
to  dissolve  themselves.  As  the  salty  droplets  grow  large  enough  they 
begin  to  fall  through  the  cloud,  sweeping  up  other  small  droplets  en  route. 

The  larger  the  drop  grows  by  accretion,  the  more  droplets  its  path  in¬ 
tercepts  and  the  faster  it  grows.  Another  suggestion  is  that  the  onset 
of  accretion  is  stimulated  or  even  controlled  by  the  presence  of  electric 
fields.  It  has  been  shown  that  coalescence  of  water  droplets  is  sub¬ 
stantially  increased  in  the  presence  of  potential  gradients  of  200  volts/cm, 
whereas  the  normal  (fair  weather  potential)  is  1  volt/cm  or  less.  ’  In 
thundershowers,  on  the  other  hand,  gradients  of  1500  volts/cm  have  been 
observed.  Several  current  research  programs  are  actively  exploring  the 
role  of  electric  fields  in  preci pi tation,  notably  Vonnegut,  et  aj^  (Arthur 
D.  Little),  E.  J.  Workman  and  M.  Brook  (New  Mexico  Institute  of  Mining  and 
Technology).  Workman  has  noted,  for  instance,  that  the  presence  of  small 
amounts  of  certain  trace  contaminants  (such  as  ammonia)  in  freezing  nuclei 
can  strongly  influence  the  dipole  fields  of  thunderclouds  or  even  reverse 
their  polarity.  Further  experiments  are  in  progress. I1* 

It  is  difficult  to  conjecture  to  what  extent  nuclear  explosions 
might  influence  colloidal  instability  of  clouds,  if  at  all.  If  the 
coalescence  mechanism  is  electrical,  the  presence  of  charged  particles 
(g-part ic les)  in  the  radioactive  debris  might  be  important.  Ionization, 
even  from  ki loton  explosions  in  Nevada,  has  been  observed  to  increase 
the  conductivity  of  the  atmosphere  significantly,  as  far  away  as  the 
Eastern  U.S.  ■>  The  effect  of  higher  atmospheric  conductivity  would  be 
to  reduce  potential  grad.ents  and  charge  separation.,  thereby  (possibly) 
adversely  affecting  precipi tat  ion  probability  and  (very  likely)  lowering 
lightning  incidence  in  thunderstorms.  It  is  worth  remember i ng  that 
70%  of  all  forest  fires  in  the  U.S.  are  kindled  by  lightning  strikes, 
expecially  from  "dry"  thunderstorms.  The  noticeable  electrical  con¬ 
sequences  of  the  radioactive  debris  from  : 000  MT's  of  explosions  might 
last  for  a  number  of  /ears,  as  long  as  substantial  B-activity  remained 
in  the  stratosphere,  from  whence  it  could  trickle  down  into  the  troposphere.* 

"'Recall  that  Sr-90,  one  of  the  long-lived  isotopes  which  is  prefer¬ 
entially  distributee  among  the  smaller  particles,  is  a  @-emitter. 
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If  an  effect  exists  at  all,  it  is  likely  to  be  in  the  direction  of  re¬ 
ducing  over-all  precipitation.  However,  there  has  apparently  been  no 
measurable  reduction  in  the  rainfall  which  can  be  correlated  with  at¬ 
mospheric  tests  of  nuclear  weapons  (  >200  MT's  in  all),  whence  the 
magnitude  of  such  an  effect  seems  unlikely  to  be  catastrophically  large. 
The  evidence  is  not  all  in,  however:  in  fact,  the  northern  hemisphere 
does  appear  to  be  undergoing  a  prolonged  drought  at  present  (1965). 

Chemical  contaminants  present  in  the  atmosphere  in  comparatively 
minute  amounts  (e.g.,  ozone,  sulfur  dioxide,  hydrogen  sulfide,  methane, 
etc.)  are  known  to  play  a  role  in  the  radiation  b_lance  of  the  atmosphere. 
Although  many  pertinent  chemical  processes  are  understood  in  some  detail, 
the  over-all  picture  is  extremely  obscure.  To  the  extent  that  a  meteor¬ 
ological  problem  exists  today  as  a  result  of  such  contaminants,  i.e.,  due 
to  atmospheric  pollution,  the  principal  cause  is  presumably  large-sca’e 
combustion  of  fossil  fuels.  The  combustion  processes  themselves  are 
usually  somewhat  inefficient,  so  that  unburned  hydrocarbons  and  carbon 
monoxide  are  released  into  the  atmosphere  in  substantial  quantities,  in 
addition,  most  commercial  fuels  have  a  considerable  impur i tv- level :  fnr 
example,  coal  often  contains  3%  or  more  sulfur.  When  natural  fuels  such 
as  wood  are  burned,  e.g.,  in  forest  fires,  there  will  also  be  organic 
constituents  such  as  esters,  oils  and  even  amino  acids  in  the  combustion 
products.  If  a  nuclear  attack  should  result  in  a  large  number  of  *ires, 
or  if  the  explosions  themselves  should  vaporize  a  substantial  quantity 
of  organic  material--which  did  not  occur  in  any  of  the  nuclear  tests-- 
very  serious  chemical  pollution  of  the  atmosphere  could  conceivably  occur. 
The  problems  involved  would  probably  be  qualitatively  different  from  those 
associated  with  peacetime  atmospheric  pollution:  sulfur  compounds  and 
unburned  hydrocarbons  would  probably  not  be  major  contaminants.  On  the 
other  hand,  nitrogen  compounds,  organics  and  various  other  possibilities 
might  be  important.  Any  further  comments  on  this  score  at  present  would 
be  sheer  speculation,  but  some  further  research  might  well  be  warranted. 


2.  The  Stratospheric  Effects 

In  general,  stratospheric  effects  will  depend  on  the  quantity  of 
material  injected  and  the  distribution  of  particle  sizes.  Since  the 
stratosphere  can  almost  be  defined  as  the  region  "above  the  weather," 
there  is  little  vertical  air  movement  and  the  length  of  time  a  particle 
remains  suspended  depends  on  the  rate  of  passage  through  a  viscous 
medium  and  is  a  function  of  particle  size  and  shape.  Particles  of  a 
few  microns  (p.)  in  diameter  tend  to  remain  in  the  upper  atmosphere  for 
times  of  the  order  of  years,  the  length  of  time  being  greater,  tha 
smaller  the  particles.  The  computation  for  an  idealized  model  can  he 
made  easily  using  Stokes'  law.*  (See  Appendix  B,  Figure  B.l)  Actually 
the  altitude  of  the  tropopause,  which  marks  the  top  of  the  troposphere 
a  rid  the  bottom  cf  the  stratosphere,  increases  toward  the  equator  and 
decreases  near  the  poles.  It  may  approach  ground  level  during  a  polar 
winter.  Moreover,  the  isothermal  stratosphere  per  se  really  only  exists 
between  the  latitude  of  the  so-called  jet  st ream  ( rough  1 y  the  storm 
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Which  was  originally  put  forward  by  Edward  Stokes  to  treat  this  very 
problem  in  connection  with  the  Royal  Societv  study  of  the  Krakatoa  eruption 
in  1888. 17 
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track)  and  either  pole.  In  the  "trop>cs"  (i.e.  between  the  northern  and 
southern  hemisphere  storm  belts)  the  tropopause  is  higher  (—17  km)  and 
there  is  a  rising  temperature  gradient  above  it.  At  high  altitudes 
warm  tropical  air  circulates  slowly  from  the  equator  toward  the  poles. 

The  jet  streams  mark  regions  where  the  polar  stratosphere  and  troposphere 
mix.  Furthermore  the  jet  streams  move  north  and  south  roughly  between 
20°  -  50°  according  to  season,  paralleling  the  polar  "front  at  ground 
level  (See  Figure  3- 2). They  are  lower  in  altitude,  stronger  and 
closer  to  the  equator  during  the  winter.  Thus  to  some  extent  by  moving 
up  and  down  and  back  and  forth  the  jet  stream  "vacuum  cleans"  the  lower 
stratosphere  in  its  seasonal  progression;  particulate  debris  caught  up 
by  the  jet  stream  is  quickly  brought  to  earth  by  wind  and  rain.  19 

The  most  realistic  estimates  we  can  currently  make  would  assume 
something  like  "Stokes'  law"  behavior  above  35,000  feet  and  a  much 
faster  scavenging  rate  below  that  altitude  depending,  however,  on  season 
and  latitude.  Generally  speaking,  debris  comes  down  faster,  the  nearer 
to  the  north  or  south  pole  it  is  injected.  This  accounts,  incidentally, 
for  the  unexpectedly  small  percentage  of  stratospheric  (world-wida) 
fallout  from  the  1958  and  1962  Soviet  nuclear  tests  carried  out  in 


It  is  well  known  that  dust  particles  suspended  in  the  stratosphere 
may  affect  the  radiation  balance  cf  the  earth. 21  Particles  of  the  order 
of  1  p  or  less  in  radius  are  relatively  efficient  scatterers  and  diffrartors 
of  solar  radiation,  whereas  the  Ic  ger  wave  (infra-red)  radiation  from 
the  earth  is  transmitted  efficiently.  A  layer  of  small  particles 
is  therefore  essentially  equivalent  to  a  filter  which  "passes"  thermjl 
radiation  in  the  outward  direction  but  interferes  with  and  deflects 
incoming  solar  radiation,  thus  reducing  the  oven-all  energy  income 
vis-a-vis  outgo  and  cooling  the  surface  of  the  earth.  Since  small 
part.cles  remain  suspended  for  the  longest  times,  this  cooling  effect 
can  be  expected  to  result  from  any  process  which  causes  large  quantities 
of  dust  to  be  injected  into  the  stratosphere.  There  have  apparently 
been  some  historical  examples.  The  huge  Tomboro  volcanic  eruption  of 
1814  which  blew  up  enough  dust  to  darken  the  sky  300  miles  away  for 
three  days22  was  followed  by  the  "year  without  a  summer"  in  1816  (New 
England)  during  which  temperatures  in  July  averaged  7°  C.  below  normal. 

The  three  outstanding  historic  volcanic  events,  Asamayama  in  1783  •  Tomboro 
in  i815  and  Krakatoa  in  1883,  were  all  followed  by  years  of  perceptibly 
cooler-than-average  world-wide  weather. 23 

This  mechanism  is  quantitatively  important  enough  at  first  sight  to 
deserve  closer  attention.  Typical  volce^ic  dust  absorbs  and  re-radiates 
the  longer  wavelength  better  than  short  (solar)  one* ,  and  a  layer  of 
such  particles  with  diameters  greater  than,  say,  10  microns,  would  tend 
to  heat  the  surface  of  the  earth  slight’y,  rather  than  cool  it,  similar 
to  the  influence  of  CO2  ("Greenhouse  Effect").  However,  very  small  vol¬ 
canic  dust  particles  on  the  order  of  i  p  radius  tend  to  scatter  the 
short  wavelengths  more  effectively.  The  wavelength  corresponding  to 
maximum  intensity  of  the  sun's  spectrum  (on  an  energy  scale)  is  about 
X  =  1  u  (near  infra-red)  and  that  of  the  earth  is  about  12p.  Since  the 
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earth's  energy  "income"  from  the  sun  and  its  energy  "outgo"  in  the  form 
of  radiation  into  space  must  always  be  equal  (averaged  over  a  period  of 
time)  the  surface  temperature  of  the  earth  must  adjust  so  the  two  are 
in  balance.  This  process  is  considered  in  more  detail  in  Appendix  C, 
where  it  is  shown  that  any  mechanism  such  as  dust  in  the  stratosphere, 
which  reduced  the  average  intensity  of  received  soiar  radiation  by  10% 
would  cause  a  lowering  of  the  average  surface  temperature  of  the  earth 
in  equi librium  by  2.5%  or  7*5°  C. 

The  connection  between  an  assumed  reduction  of  insolation  and  sur¬ 
face  climate  depends  on  how  long  the  change  persists.  The  above  calcu¬ 
lation  is  valid  for  equilibrium,  but  the  surface  of  the  earth  takes  quite 
a  long  time  to  reach  actual  thermal  equi  librium— it  is  difficult  to  say 
exactly  how  long— due  to  the  tremendous  (virtually  infinite)  heat 
storage  capacity  in  the  oceans  and  the  slowness  of  circulation  below  the 
top  600  feet  of  water.  On  the  other  hand,  the  surface  of  the  land  can 
"relax"  fairly  quickly  by  radiating  excess  heat  awny  (or  absorbing 
radiation  in  turn),  although  the  interior  can  only  lose  heat  by  con¬ 
duction  or  vulcanism— resulting  from  internal  convect  ion — which  is  an 
extremely  slow  process.  Thus,  rather  paradoxically,  it  appears  that  a 
kind  of  "quas i -equi 1 i briurf'  may  be  achieved  relatively  quickly. 

W.  J.  Humphreys  has  made  a  simplistic  calculation  of  insolation 
reduction  based  on  the  assumption  that  the  particles  are  monodisperse 
non-absorbing  spheres  of  some  glassy  substance  with  an  index  of  refrac¬ 
tion  m  =  ’.5  and  radii  equal  to  0.92  p.  The  calculation  is  further  based 
on  the  fact  that  most  of  the  sun's  spectrum  consists  only  of  wavelengths 
short  enough  so  that  Fresnel  scattering  can  be  assumed.  With  these 
assumptions  the  intensity  of  light  passing  through  the  dust  layer  is 
found  to  fall  off  as  exp(-y  x)  where  x  is  the  path  length  in  centimeters 
and  y  is  an  attenuation  coefficient  equal  to 

Y  •  2TTa2  P0x  10’8  cm'1 

where  a  is  the  particle  radius  (  *  ,92p  )  and  PQi.»  the  number  of  scat¬ 
tered  per  cubic  centimeter.  ^ 

Using  the  above  results  it  is  possible  to  deduce  that  a  20%  reduction 
in  insolation  in  the  north  temperate  zone  (where  the  angle  of  incidence 
of  the  sun's  rays  is  such  that  path  length  through  the  dusty  layer  is 
twice  the  vertical  thickness  of  the  layer)  could  be  accounted  for  by  about 
1.7  x  I02**  particles  distributed  uniformly  around  the  eaMh.  The  thick¬ 
ness  of  the  dust  layer  is  essentially  Irrelevant.  Only  5.75  x  10"3  knr 
of  material  would  be  needed  to  produce  this  number  of  particles.  In 
terms  of  weight,  assuming  a  density  of  2  qm/cc,t  it  amounts  to  11,5  x  l 0b 
metric  tons. 

The  initial  particle-size  distrib  Mon  of  fallout  particles  produced  by 
nuclear  explosions  is  not  well  establ  is.ied,  but  a  brief  discussion  of  the 
current  state  of  (unclassified)  knowledge  Is  given  in  the  first  section  of 
Chapter  I.  The  distribution  of  particle  sizes  actually  in  the  stratosphere 
at  a  later  time  is  quite  another  matter  anyhow.  The  larger  particles  fall 
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rapidly  while  the  smallest  may  stay  aloft  for  years.  Assuming  a  polydis- 
perse  initial  distribution,  the  distribution  as  a  function  of  time  will 
therefore  have  a  maximum  which  corresponds  to  smaller  and  smaller  particles 
as  time  goes  on.  The  Bishop's  rings  (diffraction  patterns  around  the  sun) 
which  Humphreys  cited  to  justify  his  assumption  of  r  *  .32^,,  might  have 
corresponded  merely  to  the  "peak"  of  the  residual  distribution  at  the  time 
of  the  observations.  Time-dependent  calculations  using  several  log-normal 
distributions  are  exhibited  in  Appendix  B.  The  implications  for  the  earth's 
thermal  balance  arc  explored  in  Appendix  C. 

A  glance  at  the  magnitudes  involved  makes  it  quite  clear  that  the 
critical  uncertainty  Is  the  fraction  of  the  mass  of  the  debris  of  nuclear 
explosions  in  the  effective  size  range  0.3  *  r  £  3p.  If  the  results  of 
Appendices  B  and  C  have  any  general  validity,  then  less  than  .1  mi3  of 
material,*  spread  over  the  above  range  of  sizes,  would  suffice  to  produce 
an  average  20%  decrease  in  isolation  (i.e.,  e|  £  .2)  and  a  5%  decrease 
in  average  absolute  temperature. 

For  purposes  of  argument  it  can  be  assumed  that  10^  ilT's  groundburst 
would  lift  (into  the  stratosphere)  1  cubic  mile  of  debris  with  a  specific 
gravity  of  about  2  gm/cm^  into  the  stratosphere.  If  i%  of  this  amount 
remained  for  a  year,  it  ^ould  result  in  a  2%  decrease  in  insolation  at 
the  specific  time.  If  oily  .1%  survived,  it  would  take  tan  times  as  much 
dust  (10^  MT's),  and  so  forth.  The  "survi va 1 -rate"  clearly  depends,  in 
turn,  on  the  original  particle  size  distribution,  which  depends,  in  turn, 
on  the  source  or  the  mechanism  by  which  the  parcicles  were  produced. 

The  most  critical  case  (from  the  environmental  point  of  view)  is  pre¬ 
sumably  that  of  a  monodisperse  or  strongly  peaked  particle  size  distribu¬ 
tion  clustering  around  r  £  ,3  to  .5  microns  radii  and  initially  injected 
very  high  in  the  stratosphere. 

The  eruption  of  Krakatoa  (1883)  offers  some  illuminating  comparisons. 
One  year  after  the  explosion  the  average  of  all  pyrhel iometr i c  readings 
(entirely  in  the  northern  hemisphere)  recorded  a  13%  reduction  of  insola¬ 
tion.  ^5  Since  Krakatoa  is  9°  south  of  i'-.e  equator,  the  bulk  of  the 
ejecta  must  have  stayed  in  the  southern  hemisphere.  Hence  a  world-wide 
average  reduction  closer  to  20%  probably  occurred.  On  the  basis  of  the 
scattering  analysis,  it  would  appear  that  a  volume  of  dust  of  the  order 
of  0.1  cubic  mile  must  have  remained  in  the  stratosphere  at  least  a  year. 
Even  assuming  the  initial  injection  was  extremely  high  (150-200  Ki lofeet)** 
allowing  a  longer  time  for  settling,  relatively  few  particles  greater  than 
lu  in  radius  would  have  oeen  left  at  the  end  of  a  year  (see  Appendix  B, 
Figure  B.l).  Calculations  from  observations  of  optical  phenomena,  e.g., 
"Bishop's  rings,"  led  to  the  estimate  r  ■  0.92p(.4,f 


.^Depending  on  ihe  exact  distribution. 

'The  column  of  ash  during  the  main  sequence  of  explosions  >00  p.m. , 
August  26th  to  10:00  a.m. ,  August  27th,  rose  26  kilometers  or  more.  After 
the  final  cataclysm  the  column  was  observed  to  be  80  kilometers  high. 

The  accuracy  of  the  observations  is  open  to  considerable  question,  of 
course,  and  some  meteorologists  are  inclined  to  dispute  them  very  strongly. 
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The  actual  amount  of  material  ejected  from  Krakatoa  is  estimated  by 
vulcanologists  to  have  been  about  5  mi3,*  which  implies  that  somewhere  in 
the  neighborhood  of  1  part  in  50  (by  volume)  consisted  of  particles  <  1^ 
in  radii.  This  is  consistent  with  the  notion  that  "new"  volcanic  ash  may 
be  somewhat  coarser  than  the  finest  ("oldest")  weathered  soils,  i.e., 
clays.  On  the  other  hand,  volcanic  ash  is  presumably  not  too  dissimilar 
to  fa  1  lout . 

The  feasibility  of  injecting  a  sufficient  quantity  of  suitably  fine 
dispersoid  into  the  stratosphere  to  cause  perceptible  change  in  the 
weather  is  not  in  serious  Dispute.  It  has  been  discussed,  even  in 
connection  with  possible  deliberate  weather  modification  schemes. The 
question  of  what  the  ultimate  consequences  would  be,  if  any,  is  more 
uncertain. 

The  reduction  of  insolation  would  not  be  uniform,  for  various  reasons. 
Initial  distribution  would  certainly  not  be  uniform:  the  northern  strato¬ 
sphere  would  probably  receive  three  times  as  heavy  a  load  of  dust  as  the 
southern  (based  on  the  planetary  distribution  of  Sr-90).  Further,  the 
tropopause  is  higher  in  the  tropics,  whence  stratospheric  dust  will  tend 
to  be  scavenged  out  more  quickly.  Finally,  the  further  north  one  goes, 
the  more  nearly  horizontal,  hence  longer,  would  be  the  path  of  the  sun’s 
rays  through  the  dusty  layer.  Hence  the  incremental  reduction  or  inso¬ 
lation  would  be  an  increasing  function  of  latitude,  e.g.,  if  solar  income 
were  cut  2%  at  45°  N.,  it  might  be  down  only  1%  at  the  equator  and  5%  at 
the  North  Pole.  The  temperature  reduction  at  the  surface  might  or  might 
not  be  correspondingly  greater  in  the  far  north.  On  balance,  however, 
tbs  temperature  differential  (i.e.,  gradient)  between  tropics  and  arctic 
would  probably  be  increased. 

To  compensate  for  the  temperature  gradients  which  normally  exist 
between  polar  and  equatorial  regions,  convection  currents  must  flow  both 
in  the  ocean  and  in  the  air.  One  of  the  principal  mechanisms  for  the 
northward  flow  of  heat  is  evaporation  and  precipitation  of  water.  Tropical 
oceans  give  up  heat  by  evaporation;  northern  air  masses  recover  the  latent 
heat  as  the  water  vapor  condenses  in  the  storm  belt.  Hence  a  steeper 
temperature  gradient  between  the  tropics  and  the  poles  would  presumably 
(other  things  being  equal)  result  in  greater  precipitation  in  northern 
latitudes.  Of  course  "other  things"  are  not  necessarily  equal;  as  Is 
pointed  out  in  Appendix  C,  there  may  be  an  over-all  drop  in  heat  transfer 
between  the  earth  and  the  atmosphere,  which  could  be  accompanied  by  lower 
average  humidity  and  lower  evaporation  rate.  This  factor  would  tend  to 
operate  in  the  other  direction.  The  net  result  of  the  kind  of  situation 
we  are  discussing,  namely  a  greater  reduction  in  heat  income  In  the  arctic 
regions  than  at  the  equetor.  would  vary  likely  be  increased  turbulent 
mixing  in  the  temperate  zone,  but  with  somewhat  less  certainty  of  an  in¬ 
crease  in  precipitation. 


"""  Mgaln,  the  confidence- level  attached  to  this  figure  is  very  low, 
since  there  are  serious  disagreements  as  regards  method  of  calculation,  etc. 
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Nonetheless,  historical  evidence,  such  as  it  is,  seems  to  support 
the  theory  that  a  drop  in  average  temperature  would  be  accompanied  by 
greater  precipitation  over  the  northern  land  masses.  A  s*l f-perpetuat ing 
cycle  could  then  he  set  in  motion:  greater  snowfall  in  winter,  followed 
by  cooler  summers,  would  cause  snow  lines  to  creep  downward  year  by  year.29 
It  happens  that  snow  and  ice  are  highly  efficient  .  Electors  of  solar  fre¬ 
quencies,  but  are  quite  transparent  in  the  infra-red  region  of  the  spec¬ 
trum.*  Hence,  a  hioher  percentage  of  the  sun's  heat  is  reflected  (in  the 
north),  while  the  earth’s  thermal  radiation  is  still  transmitted  through 
the  mantle  of  snow  and  ice  and  continues  to  be  (partially)  lost  into  space 
at  almost  the  same  rate  as  before.  Thus  a  lower  local  equilibrium  temper- 
ture  Is  established  which  tends  to  increase  the  meridional  temperature 
gradient,  resulting  in  still  greater  storminess,  greater  precipitation, 
and  an  acceleration  of  the  process.  Of  course,  there  must  be  ?.  counter¬ 
vailing  mechanism.  A  likely  possibility  is  that,  as  more  and  more  water 
is  trapped  as  ice  and  snow  so  that  sea  'uvels  drop  and  evaporating  surface 
decreases,  the  over-all  vert i ca 1  temperature  gradient  decreases  because  of 
the  cooling  of  the  earth,  the  rate  of  evaporation  decreases  to  the  point 
that  ice  and  snow  accumulation  ceases,  and  the  process  begins  to  reverse 
itself:  each  summer  a  little  more  melts  than  the  year  before,  etc.  It 
has  been  suggested  by  M.  Ewing  and  W.  0onn30  0f  the  Lamont  Geological 
Observatory  that  the  freeze-up  of  the  land-locked  Arctic  Ocean,  at  the 
lowest  point  of  the  glacial  cycle,  may  account  for  a  sufficient  reduction 
in  evaporating  water  area  to  start  the  pendulum  back  in  the  other  di¬ 
rection*  However,  there  is,  at  present,  no  theory  of  glaciation  which 
is  sufficiently  generally  accepted  to  bitse  firm  conclusions  on.  The  most 
that  can  be  said  is  that  expert  opinion  does  rot  dismiss  the  notion  than 
an  artificially  induced  cold  spell  coulc  kick  off  a  new  ice  age. 

It  has  been  estimated  that  the  average  world-wide  temperature  during 
the  last  glacial  epoch  was  3-**°  C.  lower  than  it  is  today.  A  5°  C.  aver¬ 
age  annual  temperature  difference  corresponds  to  roughly  200  meters  in 
altitude  and  1.8°  of  latitude  (~  125  miles). (See  Figure  j. 3)32  The 
consequences  to  crops  could  be  perceptible.  For  example,  winter  wheat  in 
the  Pacific  Northwest  requires  about  1 900  day-degrees  (measured  in  Fahren¬ 
heit  above  4<K>)33  to  ripen.  A  decline  in  average  temperature  of  1°  C. 

(«*  1.8°  F.)  would  produce  a  deficit  of  220  day-degrees  by  the  time  ripening 
normally  occurs--enough  to  delay  the  harvest  a  full  10  days  and  allow  time 
for  insects,  birds,  and  disease  to  take  a  heavy  toll.  The^^  are  many  un¬ 
certainties  in  tr :  5  type  of  calculations  (a>  in  others  we  have  made). 
Fluctuation*  .  *  ttvr  wgnitude  have  probably  occurred  in  the  past  century 
(for  other  reasons)  and  the  worst  situation  mirht  be  in  which  a  natural 
cold  spell  was  magnified  by  the  type  of  effect  under  d:s<:ussson. 

The  inf'uencc  of  temperature  on  rate  of  plant  growth  and  evapoirans- 
pMation  has  been  snmariied  by  Thornthwai te.  >**  The  curvo  in  Figure  }.4 
is  based  on  an  empirical  equation  relating  growth-rate  #n<l  temperature, 
in  which  the  parameters  are  fitted  to  data  for  mai*e  seedlings  collected 
by  lehenbauer . 35 

*Water  (in  any  form)  i$  opaque  to  in  fra* red  radiation  between  about 
5.5  and  8w,  and  nearly  opaque  at  wavelengths  longer  than  about  19*.  Be¬ 
tween  8  and  I9w  there  is  a  reasonably  r  ir-ar  "window",  this  corresponds  to 
tkc  peak  region  of  the  IR  spectrum. 


AVERAGE  ANNUAL  MINIMUM  TEMPERATURES 


Temperature  C 
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Other  possible  biological  consequences  of  climatic  disturbances  are 
numerous.  Insect  activity  is  apparently  particularly  sensitive  to  both 
extremes  of  temperature  and  average  temperature,  as  well  as  humidity. 

For  example,  it  has  been  observed  that  grasshoppers  remain  relatively 
inactive  and  do  not  fly  at  temperatures  below  77-80°  F.  The  Mormon 
cricket  becomes  active  only  on  clear  days  with  air  temperatures  above  65°F. 
(and  less  than  95°F.)  and  soil  temperatures  simultaneously  in  the  range 
75-1250F.  Chinch  bugs  are  relatively  inert  at  temperatures  be’ow  70°F. 
and  on  cloudy  humid  days.  The  Mediterranean  fruit  fly  likes  conditions 
of  fairly  high  humidity  (65-75%)  and  temperatures  between  60°F.  and  99°F. 

The  Western  Pine  beetle  requires  temperatures  above  50°F.  The  c  talog 
could  be  extended  indefinitely.  The  damage  done  by  insects  to  crops 
depends  strongly  on  their  degree  of  activity. 

Insect  reproduction  is  probably  even  more  sensitive  to  temperature 
and  humidity  variations,  although  specific  data  are  scarce.  It  is  known, 
however,  that  the  number  of  insects  surviving  a  winter  depends  strongly 
on  how  harsh  the  weather  has  been.  The  northern  boundaries  of  territory 
infested  by  some  species  of  insects  regularly  coincides  with  a  particular 
i sothenr,  e.  g.  the  Brown  tail  moth  extends  to  the  -25°  F.  isotherm.  Even 
in  summer,  weather  conditions  often  determine  the  fate  of  insect  popula¬ 
tions.  A  drop  of  5°  F.  in  average  summer  temperature  is  seemingly  enough 
to  reduce  the  viability  of  second  generation  Corn  borer  pupae  from  50-80% 
to  10%  or  so.  Rather  similar  observations  of  temperature  dependence  have 
been  made  on  the  cotton  boll  weevil.  The  Hessian  fly,  a  wheat  pest, 
seems  to  thrive  only  *n  the  unusually  wet  weather,  as  do  sawflies  of 
Pol erus  spp. 

Plants  and  diseases  thereof  are  simi larly  weather-sensi tive.  Many 
bacterial  plant  diseases  thrive  in  warm  weather,  while  fungal  diseases 
typically  prefer  cool  damp  weather.  However,  the  resistance,  ov  the  plant- 
hosts  is  also  temperature-  and  humidity-dependent.  Crops  grow  best  where 
the  climate  is  most  nearly  optimal  for  them  and  least  encouraging  to 
pathogens.  Thus  corn  is  most  resistant  to  blight  at  soil  temperatures  above 
75°  F,  while  wheat  has  maximum  resistance  at  54°  F.  A  change  in  the 
meso-cl imate,  e.g.  a  shift  of  several  hundred  miles  north  or  south  in  the 
(seasonal -average)  soil-temperature,  isotherms,  could  result  in  drastic 
increases  in  vulnerability  of  many  crops  to  diseases. 

The  pandemic  of  potato  late  blight  (a  fungal  disease)  in  Ireland  in 
1349  and  lS56--the  cause  of  a  disastrous  famine  and  subsequent  depopul at ion-- 
resulted  from  unusual  weather  conditions.  This  disease  can  spread  with 
explosive  speed  when  circumstances  combine  to  produce  a  long  period  of 
rainy  or  foggy  cool  weather  early  in  the  growing  season.  Temperatures  of 
less  than  75°  F.  combined  with  humidity  of  90%  or  more,  maintained  for  12 
hours  or  longer,  is  the  worst  combination.  In  Aroostook  County,  Maine,  the 
largest  potato  growing  area  in  the  U.S.,  such  conditions  occur  about  one 
year  out  of  two.  The  appearance  of  weather  favoring  b’ight  two  years  in 
succession  is  especially  dangerous  since  there  are  many  overwintering  spores 
of  the  fungi  at  the  beginning  of  the  second  season. 
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An  outbreak  of  the  wheat  stem  rust  is  most  U-kely  to  follow  extended 
damp  coot  spells  in  the  southern  vheat  growing  regions  (moving  gradual ly 
north  as  the  spores  are  spread  by  the  wind),  followed  by  hot  dry  weather 
at:  the  time  when  wheat  kernels  are  forming  on  the  blighted  plants.  This 
sequence  occurred  in  1955  and  resulted  in  the  loss  of  25%  of  the  United 
States'  wheat  crop,  and  60%  of  the  crop  in  North  Dakota  and  Minnesota, 

There  is  a  great  deal  of  scattered  Information  similar  to  the  exam¬ 
ples  cited  but  it  is  far  from  sufficient  to  form  any  coherent  pattern 
which  would  permit  predictions  of  specific  consequences  following  from 
specific  climatic  perturbations.  It  dees  seem  reasonable,  however,  to 
conclude  that  the  greater  the  magritude  of  the  oscillations,  the  fewer 
species  of  either  insects  or  plants  will  survive  in  a  given  location  and 
the  more  closely  confined  will  each  species  be  to  its  optimum  climatic 
zone.  The  greater  the  extremes  of  weather,  then,  tne  simpler  the  eco¬ 
logical  relationships.  Ecosystems  involving  very  few  interacting  species 
may  also  be  more  unstable,  if  experience  is  an>  guide,  than  more  complex 
communities.  Arid  plains,  conifer  forests  and  arctic  tundra-all  simple 
systems— are  all  too  frequently  beset  by  wild  ecological  gyrations  such 
as  locust  or  beetle  plagues,  rat-quail  outbreaks,  lynx-rabbit  cycles, 
and  the  like,  whereas  tropical  forests,  at  the  other  extreme,  appear  to 
be  more  stable.  (The  appearance  may,  however,  be  deceptive  since  (1) 
simple  ecosystems  have  been  more  intensively  studied  and  (2)  tropical 
population  dynamics  are  less  closely  tied  to  the  seasonal  cycle  and  may 
therefore  have  'onger  periodicities). 
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Chapter  IV 

SECONDARY  'DAMAGE  MECHANISMS 


1 .  [ ntroducti on 


We  have  outlined  at  some  length  the  three  basic  primary  damage 
mechanisms  to  the  environment:  radiological  effects,  thermal  effect? 
and  atmospheric  phenomena.  The  scale  considerations  in  these  three 
rases  were  complicated  enough,  but  the  proper  context .  at  least,  seemed 
to  be  fairly  clear.  That  is,  none  of  the  types  of  direct  damage  seem 
likely— in  plausible  nuclear  wars — to  outweigh  the  disutility  of  large 
numbers  of  casualties  and  property  loss.  In  none  of  the  three  cases  did 
there  seem  to  be  very  compelling  reasons  for  believing  that  the  damage 
to  the  environment  would  strongly  tip  the  balance  against  survival  and 
recovery.  Putting  it  another  way,  the  kinds  of  damage  discussed,  how¬ 
ever  expensive  they  might  prove  to  be  in  economic  terms,  would  probably 
not  overwhelm  man's  capacity  to  respond  to  the  challenge  and  eventually 
to  recover. 


The  above  question  is  still  open,  however,  for  secondary  effects — 
where  it  is,  in  any  case,  harder  to  be  confident  about  the  answer  be¬ 
cause  some  of  the  chain-reactions  which  one  can  envision  seem  open-ended. 
That  is  to  say,  it  is  difficult  to  identify  upper  bounds  for  many  kinds 
of  things.  Who  can  say  a  priori  where  an  insect  plague,  or  an  epidemic, 
is  likely  to  stop?  Some  of  the  intellectual  issues  involved  here  were 
discussed  in  some  detail  in  the  general  introduction. 

The  specific  classes  of  secondary  effects  which  look  potentially 
menacing,  singly  or  in  combination,  are  listed  roughly  in  order  of  time 
scale  as  fol lows:* 

2.  Epidemics  among  humans,  animals  or  crops 

3.  Pest  outbreaks  (e.g.  insects,  rodents) 

4.  Microclimate 

5.  Secondary  fires 

6.  Problems  of  ecological  succession 

7.  Floods,  silting,  erosion 

8.  "Balance  of  Nature" 

There  are  historical  exaMples  of  most  of  these  kinds  of  environ¬ 
mental  disasters.  However,  th*  cogent  question  is  whether,  or  to  what 
extent,  any  of  them  is  likely  to  follow  a  nuclear  attack  of  realistic 
dimensions  (in  term?,  of  present  or  projected  weapons,  delivery  capabili¬ 
ties,  target  doctrines,  defenses  and  pot i t ical -strategic  scenarios). 


•'The  items  are  numbered  in  this  list  according  to  the  corresponding 
sections  in  this  chapter. 
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2.  Epidemics  of  Humans.  EtcJ 

Diseases  of  man  (ann  of  animals)  are  caused  by  five  types  of  orga¬ 
nisms:  bacteria)  (including  rickettsial),  protozcal ,  viral,  fungal  and 
parasitic  worms.  The  latter  are  net  microorganisms,  and  their  effects  are 
debilitating  but  seldom  acute.  They  are  long-lived  and  generally  do  not 
complete  their  life  cycles  in  a  single  host.  Hericf  they  do  not  multiply 
to  any  great  extent  In  :  e  human  body  and  propagitic.:  t.  -  bn  controlled 
easily  by  ••cultural1*  methods,  e.g.,  inspection  of  food,  sanitation,  prop¬ 
er  disposal  of  garbage.  Diseases  due  to  worms  are  deemed  unlikely  to  be¬ 
come  a  serious  menace  as  a  direct  consequence  of  thermonuclear  attack. 

Fungi  are  not  a  serious  cause  of  diseases  of  animals  or  man.  Less 
than  50  of  the  thousands  of  known  species  are  capable  of  invading  animals 
or  man,  and  less  than  a  dozen  can  cause  fatal  infections.  The  most  com¬ 
mon  of  these  is  Actinomyces  bovis  (nevertheless  very  rare).  Only  one  group, 
the  dermatophytes  (which  cause  skin  diseases  such  as  ringworm),  can  be 
spread  from  animal  to  man  or  man  to  man.  These  infections,  while  persist¬ 
ent  and  hard  to  get  rid  of,  are  not  usually  serious.  Under  hot,  humid 
shelter  conditions  fungus  diseases  of  the  skin  could  spread  rapidly  and 
become  a  serious  annoyance. 

Tne  remaining  diseases,  bacteria),  protozoal  and  viral,  may  have  epi¬ 
demic  possibilities  which  could  be  influenced  by  conditions  following  3 
nuclear  attack.  To  the  extent  that  these  diseases  are,  or  nay  be,  acute, 
they  must  be  considered  carefully.  Microorganism  populations  will  not, 
in  general,,  be  affected  directly  by  levels  of  radiation  which  would  leave 
any  survivors  among  higher  plants  and  animals.**  Moreover,  any  fluctua¬ 
tions  arising  from  differential  radiosensitivities  would  be  so  rapid,  due 
to  the  very  short  reproductive  cycle  of  the  organisms,  that  the  effects 
would  be  averaged  out  in  the  time  scale  of  macroscopic  ecological  events. 

The  best  guide  to  probable  epidemic  threats  in  a  postattack  world 
is  past  experience  extrapolated  to  take  account  of  likely  conditions. 

Some  or  all  of  the  following  factors  may  be  relevant: 

(i)  General  health.  Bodily  resistance  may  be  affected  by  exposure 
to  radiation  from  fallout.  Radiation  sickness  weakens  the  disease¬ 
fighting  capability  of  the  body  by  destroying  the  cells  which  manufac¬ 
ture  white  blood  corpuscles.  Other  injuries  such  as  burns  also  reduce 
resistance  to  ancillary  infection.  Inadequate  diet  may  have  similar  con¬ 
sequences,  for  example,  if  vitamin  C  is  in  short  supply. 

(ii)  Medical  help.  Antiseptics,  antibiotics,  antitoxins  and  vaccines 
supplement  or  increase  the  natural  resistance  of  the  boay.  Some  or  ail 
of  these  might  themselves  be  unavailable  or  In  short  supply  after  an  at¬ 
tack,  due  to  destruction  of  inventories,  manuf acturing  capacity  or  natu¬ 
ral  sources,  and  distribution  capab H i ty--l n  conjunction  with  sharply 
rising  requirements. 


^With  some  notaolc  exceptions,  e.g.,  trichinosis. 
"Critical  doses  arc  of  the  order  of  10°  rads. 


HI-5I8-RR 


4-3 


(iii)  Foci  of  infection.  Although  many  serious  diseases  exist  at  pres¬ 
ent  in  North  America,  general ly  they  have  a  low  incidence  in  the  popula¬ 
tion.  This  fortunate  fact  suggests  that  epidemics  would  take  some  time 
to  become  established  in  a  postattack  envi ronment--dur Sng  which  period 
precautionary  measures  could  be  taken  and  social  organization,  transpor¬ 
tation  and  communication  might  be  partially  restored.  However,  there 
are  two  caveats  to  be  considered: 

a)  Hospitals  and  first-aid  centers  would  be  overloaded  with  the 
worst  cases  of  radiation  sickness,  burns,  etc.  Hospitals  also 
are  endemic  ecu  *ces  of  some  infections*  (sjuch  as  Staphylococci ) 
due  to  the  ctsrstant  presence  of  sick  patients.  Food  supplies, 
bed  linen,  tablewa.e,  sanitation  gear,  etc. ,  are  difficult  to 
keep  sterile  even  in  normal  times.  In  a  postattack  environment 
certain  diseases  might  spread  Initially  within  hospitals,  even¬ 
tually  infecting  outsiders  (released  patients,  employees,  visi¬ 
tors)  and  the  general  population. 

b)  Biological  warfare  might  be  combined  with  a  nuclear  attack. 

Foci  of  infectious  diseases  not  normally  present  may  be  de¬ 
liberately  introduced  by  an  enemy,* 

( i v )  Infectiousness,  Epidemics,  in  the  familiar  sense  of  the  word, 
are  normally  caused  by  organisms  capable  of  very  rapid  multiplication 
and  spread.  Thus,  diseases  v.'hich  either  develop  very  slowly  or  affect 

a  small  percentage  of  those  exposed  would  probably  not  pose  a  major  epi¬ 
demic  threat.  In  the  latter  caUgory  might  be  included  TB,  syphilis, 
leprosy,  meningitis,  poliomyelitis  and  others. 

(v)  Mode  of  transmission.  Direct  transmission  by  personal  contact  or 
infection  via  aerosols  (droplets  in  the  air)  is  most  conducive  to  rapid 
spread.  In  this  category  are  the  common  cold  and  various  forms  of  influ¬ 
enza,  scarlatina,  smallpox,  diphtheria,  meningitis,  whooping  cough,  measles, 
mumps,  some  forms  of  pneumonia  and  cholera.  The  pneumonic  form  of  plague 
and  anthrax  can  also  spread  this  way.  Transmission  via  food  or  water  can 

be  very  rapid  in  certain  conditions  but  is  comparatively  easy  to  control, 
at  least  in  peacetime.  In  this  category  are  most  of  the  enteric  diseases 
such  as  infectious  hepatitis,  typhoid  fever,  paratyphoid  and  dysentery 
(both  bacillic  and  amoebic).  Such  diseases  need  not  be  a  serious  problem, 
given  reasonable  precautions.  Transmission  via  insect  bites  is  somewhat 
less  conducive  to  epidemics  and  offers  opportunities  for  control  both  at 
community  level  (e.g.,  large-scale  use  of  insecticides)  and  by  individuals 
(e.g.,  mosquito  netting,  DDT  powder,  sanitary  measures).  Many  serious 
diseases  are  spread  by  insects,  including  plague,  typhus,  tularemia,  Rocky 
Mountain  spotted  fever,  yeilow  fever,  dengue  fever,  malaria,  encephalitis 
and  sometimes  anthrex.  The  main  danger  here  is  that  diseases  held  in 
check  by  controlling  their  vectors  could  spread  during  a  period  of  past- 
attack  chaos.  Diseases  transmitted  by  animal  bites  ln-'ude  rabies  and 
rat-bite  fever,  among  others.  Tetanus,  anthras,  and  various  forms  of 
gangrene  can  be  introduced  intv»  open  wounds.  This  mode  of  transmission 
seems  hardly  likely  to  t>o$e  an  epidemic  threat  however, 

!?Tt  is  possibility  is  largely  discounted  as  a  rational  tactic  by  most 
experts,  although  a  minority  would  argue  strongly  tor  giving  greater  at¬ 
tention  to  such  even’ uai i t ies. 
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(vi)  Mortal i ty.  As  a  general  rule  diseases  of  common  occurrence  have 
a  low  mortality  rate.  Thus  measles,  chicken  pox,  mumps,  and  influenza 
no  longer  seem  to  pose  severe  threats.  Others  such  as  malaria  and  amoe¬ 
bic  dysentery  are  more  often  chronic  and  debilitating  than  fatal. 

Olseases  having  postattack  pi  deni c  possibilities,  judged  on  the 
basis  of  infectiousness,  appropriate  modes  of  : -unsmission  and  high  mor¬ 
tality,  seem  to  fall  into  three  categories: 

(1)  Diseases  which  might  conceivably  overwhelm  all  efforts  to  con¬ 
trol  then.,  given  a  favorable  situation  such  as  a  population  with  low  re¬ 
sistance  and  overstrained  medical  facilities.  The  general  requirements 
would  cr  !  igh  rate  of  infection,  direct  transmission  (easy  communica- 
bPIty),  little  or  no  immunity,  and  high  mortality.  The  prime  candidates 
appear  to  be  smal’oox,  cholera,  diphtheria  or,  conceivably,  some  virulent 
new  strain  of  influenza.  Fortunately  the  first  two  are  almost  unkno.i 

in  North  America  and  diphtheria  is  extremely  tare.  Anthrax  and  psitta¬ 
cosis  are  dark  horses  as  far  as  natural  outbreaxs  are  concerned,  but 
would  be  very  plausible  choices  for  bacteriological  attack  by  a  malevo¬ 
lent  enemy. 

(2)  Disesses  vdiich  might  erupt  as  a  result  of  specific  postattack 
conditions  such  ?*•  breakdowns  of  sewage  disposal  systems,  chlorination 
of  public  water  supplies,  pasteurization  of  mi  1 k,  general  sanitary  pre¬ 
cautions  in  t~fc  food  processing  industry,  etc.  Typhoid,  paratyphoid, 
dysentery  and  infectious  hepatitis  seem  to  t?e  the  most  likely  threats. 

All  of  these  occt  r  occasionally  throughout  the  North  American  continent. 
Plague,  which  is  transmitted  by  fleas  from  rats  to  man,  is  another  possi¬ 
bility,  although  cases  among  humans  in  the  U.S.  are  extremely  rare.  In 
very  crowded  quarters,  such  as  fallout  shelters,  with  inadequate  facili¬ 
ties  for  personal  hygiene,  typhus  outbreaks  (transmitted  by  the  body 
louse)  are  a  distinct  possibility.  Circumstances  can  also  be  imagined 
leading  to  the  re-establishment  of  reservoirs  of  malaria,  yellow  fever, 
dengue  fever  and  encephalitis  in  the  U.S.  Tnese  diseases  are  trans¬ 
mitted  by  Anopheles .  Aedes  and  Culex  mosquitoes,  which  are  widespread 

in  the  South. 

(3)  Diseases  of  animals  and  crops  raise  a  number  of  separate  issues 
which  will  be  discussed  separately  later. 

Past  outbreaks  and  general  characteristic'-  of  some  of  the  above 
diseases  are  summarized  brefly  in  following. 

a .  C lass  (1)  Oiseasc*- 

Af.th*,  present  time  there  arc-  two  strains  of  the  smallpox  vi rus , 
vafioi?  ■■gjOTt  which  H  the  cl  a*,  si  i  epidemic  variety,  and  variola  mi  not  , 
whit  a  ‘s  fe'ndtmls-  United  States  and  other  countries.  Variola 

vcpearsd  f»*  epidemic  proportions  throughout  Europe  jf ter  the 
Ciu5ad»'-*.,  *  i  H  >,.i  the  cu  contagious  of  all  diseases  and  is 

spread  hy  m  cm?u,s.’  ,  1  the  iStf.  Century  in  Europe  one  per* 

son  irs  ten  died  o'  Ipox  46:  o»  the.  Europeans  who 
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survived  into  adulthood  had  had  th«  disease.  Although  variola  major  is 
rare  in  the  United  States  today,  as  late  as  1959,  1 00  cases  were  report* 
ed  in  Brazil  and  over  200,000  cases  occurred  in  India  and  East  Pakistan. 
Smallpox  does  not  yield  to  antibiotics,  although  rehydration  and  there* 
peutic  measures  may  help.  Vaccination,  the  standard  method  of  control, 
often  wears  off  after  a  few  years.  Zinsser  estimates  that  1k%  of  the 
population  would  be  relatively  unprotected  if  ar  epidemic  should  occur. 
Mortality  among  unvaccinated  children  is  usually  about  80%. 


Date  &  Place 
of  Outbreak 

Extent  of 

Morbidity  &  Mortality 

Smal Ipox 
(Variola 

Pandemic  *  Europe  1614 

Pandemic 

major) 

Epidemic  *  England  1666-1675 

Epidemic 

New  England  17th  Cen  .try 

Scattered  outbreaks 

United  States:  192; 

89,357  cases  with  481  deaths 

1924 

45.255  "  "  814  »• 

1939 

9,877  "  “  41  " 

1945 

345  11  n  12  11 

- 

1950 

40  11  ••  .  n 

Minnesota  1924*1925 

1,430  cases:  death  rate  25/100 

(Variola 

Minnesota  1913-1923 

35 .000  cases;  death  rate  0.3/I0C 

minor) 


Diphtheria,  a  bacterial  infection  caused  by  Corynebacterium  diphthcrlee. 
is  spread  by  contaminated  nasal  discharges  of  patients,  convalescents  or 
healthy  carriers.  The  disease  first  appeared  in  epidemic  proportions  in 
France  in  1850  and  within  25  years  had  spread  to  Boston  and  London,  Vacci¬ 
nation  and  use  of  the  Schick  test  to  identify  susceptible  individuals  In 
the  population  has  helped  in  the  decline  of  diphtheria,  although  in  the 
event  of  widespread  famine  following  a  war  it  might  be  as  big  a  problem  as 
it  was  In  parts  of  Europe  during  the  Second  World  War.  Use  of  antitoxin 
as  soon  as  the  disease  is  contracted  is  helpful;  delay  In  its  administra¬ 
tion.  however,  increases  the  -:sks  o<  mortality  from  either  diphtheria  or 
one  of  the  possibl?  complications  Such  as  myocarditis  or  'fonchopneumonia. 
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Date  &  Place 
of  Outbreak 


Diphtheria  1880-1930  Epidemic  waves 
throughout  the  world 
occurred  every  5-10  years 

1920's  U.S. 


1943,  1946  Europe 


1953*1962  U.S. 
1962  U.S. 


Extent  of 

Morbidity  5-  Mortality 

Especially  after  wars  and/or 
famines . 


15o, 000  cases  a  year  with  15,000 
deaths . 

Outbreaks  in  countries  surrounding 
Germany  (excluding  Great  Britain) 
with  rise  in  death  rate,  i.e., 
Holland:  1939  0.9/100,000 
1946  46/100,000 

13,000  cases 

432  cases — 63%  of  which  were 
located  in  the  South. 


Cholera t  caused  by  the  bacteria  Vibrio  comma,  is  spread  either  by  con¬ 
taminated  food  and  water  or  by  direct  contact.  Use  of  antibiotics  during 
epidemics  does  not  appreciably  lower  the  mortality  rate.  Death  is  often  due 
to  dehydration;  the  most  important  aspect  of  caring  for  persons  with  cholera 
is  to  keep  them  constantly  supplied  with  liquids,  hence  the  high  mortality 
rate  in  epidemics  where  nursing  is  scanty.  The  disease  is  still  endemic  in 
parts  of  India,  Pakistan  and  surrounding  regions  but  is  now  rare  in  the  West. 


Cholera 


Date  &  Place  Extent  f 

of  Outbreak  Morbidity  &  Mortalit* 

Disease  first  identified  in 
India  where  it  is  still 
serious--l8l5*181 6. 


i 832  New  Orleans 
Baltimore 


5,000 

853 


1849  Ne-1  York  (May  16-Aug.) 
St .  Lou  i  s 
Rio  Grande  Val ley 


9,017 

1 ,000 — 10%  of  population 

2,000 


Disease  persisted  in  U.S. 
until  1854. 


1855-56  After  the  Battle  of 
Alma,  France 


Cases  at  the  rate  of  12,000 
per  month. 


’883  Pandemic 


Worldwide  (except  in  North  America) 
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Date  5-  Place 
of  Outbreak 

1892  Hamburg -Alton a  17,000  cases  and  nearly  9*000 

deaths  in  two  months.  Water 
was  pumped  directly  from  Elbe 
River  into  city  water  mains. 
The  water  used  by  the  suburb, 
Alton a,  was  filtered  before 
it  was  distributed,  and  as  a 
result  only  a  few  cases  of 
cholera  developed. 

i960  (Augu* .  t)  West  Pakistan 

1963  (Nov.)  East  Pakistan  & 

Indi a. 


The  infiuenz  vii.s  is  noteworthy  for  its  tendency  to  mutate  into 
virulent  nev>  strains  to  vhich  the  population  has  not  previously  been  ex¬ 
posed.  For  this  reacon  vaccination  is  not  altogether  effective  in  con¬ 
trolling  this  disease.  Antibiotics  can  only  be  used  to  prevent  compli¬ 
cations  but,  as  with  otner  viruses,  have  no  effect  on  the  disease  itself. 
Periodic  pandemics  of  influenza  began  in  Asia  early  in  the  18th  Century 
and  spread  to  Europe  and  the  United  States.  Death  during  recent  epidemics 
is  usually  the  result  of  complications  such  as  pneumonia,  especially  in 
older  patients. 

Date  &  Place 
of  Outbreak 

Influenza  1500  Originated  on  Malta  Worldwide 

and  rapidly  spread 
throughout  Europe. 

1647  Arrived  in  N.  America 
from  Valencia,  Spain 

1918-19  Pandemic  Worldwide:  21,600,000  deaths. 

Twice  as  many  died  from  flu  as 
from  direct  results  of  w ar . 

In  U.S.  20%  of  population  infected, 
with  400,000  deaths  during  October. 


Extent  of 

Morbidity  &  Mortality 


Extent  of 

Morbidity  &  Mortal  it\ 
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Anthrax  is  a  highly  infectious  and  rapidly  fatal  disease  commonly 
associated  with  animals.  The  causative  organism,  Baci I  1  us  anth  raci s  , 
is  capable  of  forming  spores  which  may  remain  virulent  in  the  soil  for 
several  years.  Pasture  infected  with  spores  can  remain  a  source  of  in¬ 
fection  for  as  long  as  20-30  years.  The  spores  may  be  spread  by  any 
contact,  direct  or  indirect,  with  infected  carcasses.  Outbreaks  of  the 
disease  in  animals  have  been  traced  to  contaminated  bonemeal  in  hogfeed 
(1952,  Midwest)  and  in  humans  to  shaving  brushes  made  with  contaminated, 
unsterilized  bristles.  In  humans  the  disease  may  be  cutaneous  (malignant 
pustule),  pulmonary  (wool sorter ' s  disease)  or  intestinal,  depending  upon 
the  mode  of  entry.  The  intestinal  form  is  always  fatal;  the  pulmonary 
form  is  usually  fatal;  but  the  cutaneous  form  may  be  cured  if  penicillin 
or  antibiotics  are  given  in  the  early  stages.  The  mortality  rate  in  her¬ 
bivorous  animals  may  be  as  high  as  80%.  Vaccination  and  the  use  of  anti¬ 
serum  once  animals  have  been  exposed  helps  to  prevent  epidemics,  although 
vaccination  is  not  1 00%  ef feet i ve .  Animals  suspected  of  having  died  from 
anthrax  have  to  be  cremated  or  buried  under  a  layer  of  quicklime  so  that 
the  spores  cannot  be  picked  up  by  the  wind  and  carried  to  uncontaminated 
regions.  In  the  United  States  there  were  about  3,500  outbreaks  in  ani¬ 
mals  and  483  human  cases  from  1945-I955. 

Psittacosis  and  ornithosis  are  so  closely  related  they  can  be  dis¬ 
cussed  together  as  a  single  disease,  usually  associated  with  birds,  par¬ 
ticularly  members  of  the  parrot  family.  The  organisms  Mi yaqawane 1 1  a 
ps i ttaci  and  M.  orni thos ? s ,  usually  classed  as  Rickettsiae  or  "large" 
viruses,  may  be  excreted  in  healthy  carriers  for  several  years.  They 
can  enter  the  body  on  dust  particles  or  aerosols  inhaled  through  the 
respiratory  tract  causing  an  i nf I ueuza- 1 i ke  disease.  Turkeys  contract 
5  highly  virulent  form  of  the  disease  which  has  caused  several  epidemics 
among  employees  in  turkey  processing  plants,  e.g.  Texas,  1963.  The  dis¬ 
ease  may  also  be  spread  by  person-to-person  contact,  especially  from  pa¬ 
tient  to  nurse,  e.g.  26  such  infections  with  13  deaths  in  Buenos  Aires 
in  194p,  and  19  infections  with  8  deaths  in  Louisiana  in  1 94 3 .  There 
were  563  cases  in  1954  and  568  cases  in  (956  among  humans,  but  the  num¬ 
ber  has  declined  since  then.  Tetracyclines  are  found  to  be  an  effective 
antibiotic  treatment  which  has  reduced  the  mortality  rate  from  about  20% 
to  2%. 


Class 


0  i  seases 


Epidemics  of  typhoid,  paratyphoid  and  bacillary  dysentery  have  oc¬ 
curred  in  the  past  as  the  result  of  contaminated  food  or  water.  Epidemics 
have  often  been  traced  to  healthy  chronic  carriers  of  Salmonella  or  Shiqella 
bacteria.  Public  health  measures  have  succeeded  in  keeping  the  incidence 
of  these  diseases  low,  but  in  a  postattack  environment,  such  measures  may 
be  degraded  or  interrupted  in  various  parts  of  the  country.  Vaccination 
is  possible  against  the  Salmone 1 1  a  but  not  for  the  Shi  gel  la  group.  Chlor¬ 
amphenicol  is  the  usual  antibiotic  treatment  for  all  three  diseases. 
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Date  &  Place  Extent  of 

of  Outbreak  Morbidity  &  Mortality 


Typhoid  and 
Paratyphoid 
Fevers 


U.S.  morbidity  figures  have  declined  from  2,252  cases  in 
1953  to  608  cases  in  1962  for  typhoid  fever.  Salmonellosis 
(excluding  typhoid  fever)  morbidity  rates,  however,  have  in¬ 
creased  from  3,946  cases  in  1953  to  9,680  cases  in  1959. 


1897-98  Maidstone,  England  An  epidemic  of  an  enteric 

fever  occurred  in  a  ovu¬ 
lation  of  34,000  with 
1,938  cases  reported.  At¬ 
tributed  to  human  pollu¬ 
tion  of  the  springs  which 
fed  the  water  supply. 


1936  (Aug.  &  Sept.)  Poole  & 
Bournemouth.  England 


A  chronic  intermittent 
typhoid  carrier*  was  visit¬ 
ing  in  the  area.  Waste  from 
the  house  in  which  he  was 
staying  contaminated  a 
stream  which  was  used  by 
dairy  cattle.  The  epidemic 
of  518  cases  scattered  over 
the  area  was  milk-borne. 4 


1946  Aberystwyth,  Wales 


Milk-borne  paratyphoid 
epidemic. 


1963  (Spring) -Zermatt : 
Swi tzerland 


1364  Aberdeen,  Scotland 


300  cases  attributed  to 
a  broken  sewer  line  and 
consequent  pollution  of 
d>- inking  water. 

About  400  cases  developed 
within  a  month  as  a  resuit 
of  an  infected  can  of 
corned  beef. 


•''Epidemics  started  by  chronic  typhoid  carriers  also  include  7  epidemics 
involving  over  200  individuals  all  caused  by  "Typhoid  Mary"  who  was  a  cook 
for  8  different  families  over  a  period  of  ten  years.  Ir.  South  Africa  5 
localized  epidemics  since  1941  have  been  attributed  to  a  native  waiter. 3 
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Date  G>  Place 
of  Outbreak 

Dysentery  ShTgella  group  of  bacteria  have  become  primary  cause  of  en¬ 
teric  infection  in  the  U.S.  since  the  decline  of  typhoid, 
for  example,  33,000  cases  in  1944,  16,533  in  1953  and  12,443 
in  1959  in  the  United  States. 

•'During  the  American  Civil  War,  the  annual  morbidity  rate 
in  the  Northern  armies  was  876  per  thousand  and  the  death 
rate  10.37  per  thousand,  while  in  the  Southern  armies,  the 
situation  was  equally  as  bad  or  worse. 

"Dysentery  was  a  major  problem  in  all  of  the  armies  during 
World  War  I.  The  British  were  pinned  down  at  Gallipoli  and 
immobilized  in  Mesopotamia  by  dysentery. 

"During  World  War  II  the  English  troops  in  Burma  suffered 
severely  from  dysentery. 

"Montgomery's  victory  at  El  Alamein  is  attributed  in  part 
to  a  large  number  of  dysentery  cases  among  the  German  and 
I  cal  ian  armies."-’ 


Extent  of 

Morb i  d!  ty  &  Mortal  i  tN 


There  are  two  strains  of  the  hepatitis  virus.  The  infectious  hepa¬ 
titis  virus  is  commonly  transmitted  through  contaminated  food  or  water, 
while  serum  hepatitis  is  usually  transmitted  during  blood  transfusions. 

The  disease  has  been  increasingly  prevalent  in  recent  years;  for  example, 
there  were  over  50,000  new  cases  in  the  United  States  during  I960,  The 
usual  preventive  measures  are  to  jive  exposed  individuals  gamma  globulin 
before  the  disease  has  started  and  tc  allow  blood  plasma  to  sit  six  months 
before  being  used  in  transfusions  in  order  to  kill  the  virus.  Once  the 
disease  has  taken  hold,  the  only  treatment  is  rest  and  diet. 

Date  &  Place 
of  Qutb reak 


Extent  of 

Morbidity  &  Mortality 


Infectious 


A  common  occurrence  during  wars.  For  example,  during  three 
months  in  1943,  35%”40%  of  Air  Corps  personnel  stationed  in 
Sicily  contacted  hepatitis. 

Sporadic  outbreaks  are  often  the  result  of  contaminated 
oysters,  milk  or  water,  e.g.  1961  outbreak  in  Mississippi 
and  1962  in  New  Jersey. 


Serum  Before  hospitals  began  to  store  blood  plasma  prior  to  using 

Hepati ti s  it  in  transfusions,  one  Chicago  hospital  reported  that  over 

2%  of  the  patients  who  received  blood  transfusions  contracted 
serum  hepatitis.  The  2%  rate  is  four  times  greater  than  15 
years  ago  despite  added  precautions. 

During  World  War  11,  many  cases  developed  after  yellow  fever 
vaccinations:  28,535  cases  with  62’  deaths. 
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Plague,  caused  by  the  oacterium  Pasteure I  la  pest i s ,  is  a  disease 
which  is  transmitted  from  rats  to  man  by  way  of  fleas.  "Sylvatic"  plague 
is  a  form  endemic  among  wild  animals  in  the  rural  United  States,  especial¬ 
ly  in  the  Southwest,  but  it  rarely  spreads  to  humans.  The  epidemic  ver¬ 
sion  of  plague  (bubonic  or  pneumonic)  is  the  classic  "black  death"  that 
ravaged  Europe  during  the  I'tth  Century.  The  pneumonic  form  spreads  rapid¬ 
ly  by  direct  contact  and  is  highly  lethal.  Closely  related  to  plague  is 
tularemia,  or  rabbit  fever,  which  is  endemic  in  areas  with  large  rodent 
populations.  At  the  present  there  are  about  2,000-3,000  human  cases  re¬ 
ported  each  year.  Streptomycin  and  the  tetracyclines  appear  to  be  most 
effective  in  the  treatment  of  tularemia  and  both  the  bubonic  and  pneumonic 
forms  of  plague. 


Date  &  Place  Extent  of 

of  Outbreak  Morbidity  &  Mortal i tv 

Plague  1 4th  Century  Cycle  known  as  Black  Death--or iginated  in 

Central  Asia  and  spread  to  Europe,  India, 
and  China.  25,000,000  deaths.  Population 
of  Europe  reduced  by  25%  or  more,  some 
areas  had  80%  mortal i ty. 


1664-66  London 

70,596  deaths 

1 900- 

■04  San  Francisco 

117 

cases 

1907 

San  Francisco* 

179 

cases 

1907 

Seattle 

5 

cases 

19)4 

New  Orleans 

30 

cases 

1919 

New  Orleans  &  Oakland 

15 

cases 

1920 

Ga 1 ves  ton 

18 

cases 

Beaumont 

14 

cases 

Pensacola 

10 

cases 

1924 

Los  Angeles 

41 

cases 

(u.s. 

from  1900-1952:  523  cases 

of  diagnosed  plague; 

65% 

fatal) 

1910- 

II  Manchuria 

60,000 

deaths 

1920-21  Manchuria 

8,503 

dea  ths 

'•'Two  historical  plague  epidemics  have  occurred  in  juxtaposition  with 
great  i i res--London ,  September  1666,  and  San  Francisco,  1907.  It  is 
possible  that  some  correlation  may  be  inferred,  although  thei  '  is  probably 
no  simple  cause/effect  relationship. 
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Murine  typhus,  a  Rickettsial  disease,  is  endemic  in  rodent  popula¬ 
tions  in  the  United  States  and  is  transmitted  by  fleas.  The  historic 
scourge,  however,  is  louse-borne  typhus,  which  has  a  high  (up  to  70%) 
mortality.  Drugs  do  not  help  much  against  the  Rickettsiae.  The  best 
control  yet  rr/Hcoed  is  delousing  by  means  of  10%  DDT  powder  (if  avail¬ 
able)  and  vaccination.  Strains  of  lice  resistant  to  DDT  appeared  during 
the  Korean  war,  but  U.S.  troops  were  protected  somewhat  by  vaccination. 

In  an  epidemic  among  unvaccinated  British  troops  there  was  a  32%  mortali¬ 
ty  rate.  Rocky  Mountain  spotted  fever,  spread  by  ticks,  is  a  very  simi¬ 
lar  disease  which  is  widespread  in  the  western  United  States. 


Typhus 


Date  &  Place 
cf  Outbreak 

1528-30  Naples 

! 8l 2  Moscow  (Napoleon's 
Army) 

1846-47  Ireland/Canada 


1914  Serbia* 

I917-23  European  Russia 
Korean  War 

1959  (Spring)  Ethiopia 
1959  (Summer)  Mexico 


Extent  of 

Morbidity  &  Mortality 

20,000  deaths 

300,000  deaths.  Over  56% 
of  the  soldiers  in  the 
army  died  of  typhus 
during  the  retreat. 

75,540  Irish  immigrated 
to  Canada 

30,265  sick  with  typhus: 

1)  5,293  died  at  sea 

2)  3,012  died  at  Quebec 

3)  7,000  died  at  Montreal 

in  less  than  6  months 
150,000  died 

30,000,000  cases  and 
3,000,000  deaths 

outbreaks  among  all  troops 

500  deaths 

74  deaths 


*Typhus  has  often  accompanied  evacuations  or  military  operations  due  to 
the  unwashed  and  unsanitary  conditions  which  tend  to  accompany  these  movements. 
Zinsser^  makes  an  excellent  case  for  his  contention  that  typhus  has  affected 
the  outcome  of  a  number  of  critical  military  campaigns  in  history,  e.g. 
Napoleon's  disastrous  retreat  from  Moscow  in  1812,  and  the  Austrian  invasion  of 
Serbia  in  1914. 
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Malaria  is  caused  by  several  species  of  the  Plasinodi  urn  protozoan 
and  is  carried  by  mosquitoes  of  the  genus  Anophe I es .  several  species  of 
which  occur  in  the  United  States.  The  disease  was  formerly  endemic  but 
has  been  pushed  south  by  swamp  drainage,  public  health,  and  other  control 
measures.  It  could  return  if,  for  example,  insecticides  became  scarce 
and  conditions  chaotic.  The  yellow  fever  virus  is  usually  thought  of  as 
a  tropical  disease,  as  is  malaria,  but  its  principal  vector,  the  Aedes 
aegypti  mosquito,  is  common  in  the  Southern  states.  The  same  mosquito 
also  carries  the  virus  of  dengue  (breakbone)  fever.  Culex  spp.  mosquitoes 
are  responsible  for  the  transmission  of  endemic  St.  Louis  encephalitis 
virus,  another  serious  disease.  Any  of  these  diseases  could  flare  up 
given  a  focus  of  infection  and  a  relaxation  of  mosquito  controls.  Pre¬ 
ventive  drugs  are  available  for  both  malaria  and  yellow  fever  but  not 
for  encephalitis.  As  is  the  usual  case  with  viruses,  there  are  no  spe¬ 
cific  chemotherapeutic  or  antibiotic  treatments  available  for  either 
yellow  fever  or  encephalitis. 

Date  &  Place  Extent  of 

of  Outbreak  Morbidity  &  Mortality 

Malaria  1935  U.S.  900,000  cases  with 

4,000  deaths 


1934-35  Ceylon  66,000  deaths 

1942  Egypt  125,000  deaths 

I952  (July)  California  A  returned  Korean  war 

veteran  with  malaria 
suffered  a  relapse 
while  camping  i n  the 
California  Mountains. 
Mosqui toes.wh ich  bit 
him  during  the  relapse,' 
transmitted  malaria  to 
9  other  persons,  who 
suffered  attacks  that 
fall.  The  next  spring, 

25  more  people  came  down 
with  the  disease  in  var¬ 
ious  parts  of  the  state. 
All  cases  were  traceable 
to  the  original  patient. 7 


Since  1953  approximately  3.500  cases  of  malaria  reported 
in  U.S. 


In  the  world,  approximately  200,000,000  clinical  cases 
and  2,500,00C  deaths  each  year,  are  a  result  of  the  disease 
transmitted  by  the  bite  of  85  or  more  species  of  the  Anopheles . 
The  disease  is  distributed  in  the  broad  belt  around  the 
globe  in  the  tropics  and  subtropics. 


1958  Ethiopia 


3,000,000  cases 
100,000  deaths 
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Date  S  Place 
of  Outbreak 


22,000  out  of  the  25,000 
French  soldiers  in  Haiti 
died  of  the  fever  (re¬ 
sulting  in  the  establish¬ 
ment  of  the  first  Republic 
of  Haiti  under  Toussaint 
L'Ouverture  and  eventually 
the  sale  of  the  Louisiana 
territory  by  Napoleon  to 
the  U.S.). 

Yellow  Fever  also  contri¬ 
buted  to  the  failure  of 
the  French  Panama  Canal 
Company  under  F.  de  Lesseps. 
A  prerequisite  of  ultimate 
American  success  in  this 
venture  was  eradication  of 
the  Aedes  aeqypti  mosquito 
from  the  Canal  Zone. 

59%  mortal i ty 

1937  Philadelphia,  New  Orleans 
Memphis,  New  York  City 

Dengue  Fever  1322-23  Southern  states  over  1,000,000  cases 

(centralized  in  reported 

T;xas  8-  Louisiana) 

1927-28  ureece  over  1,000,000  cases  reported 

1936  Florida 

Worid  War  II  Japan  over  1,000,000  cases  reported 

1963  Puerto  Rico  17,838  cases  reported  by  mid- 

November  after  epidemic 
began  in  the  summer. 


Yellow  Fever  1802-04  Haiti  (Santo  Domingo) 


1 880  *  s  Panama 


1928-29  Rio  de  Janeiro 


Extent  of 

Morbidity  &  Mortal i t> 


Jama i ca 


978  cases  reported 


HI -513-RR 


4-15 


Date  &  Place 
of  Outbreak 

St.  Louis  1933  St.  Louis 
encephalTt'S 


•937  St.  Louis 
1938  Massachusetts 


19^1  Minnesota,  North 
Dakota  and  Canada 

1 947  Lou i s i ana 

•952  San  Joaquin  Valley, 
Cal i fornie 

•954  Hidalgo  County,  Texas 
•956  Massachusetts 

1 362  f-loiica 


Extent  of 

Morbidity  &  Mortality 

1 ,000  cases.  In  1932 
during  the  summer  many 
cases  of  encephalitis 
occurred  in  Cincinnati , 
Ohio  and  Paris , 1 1 ? inois . 

Unusually  dry  summer  led 
to  stagnation  of  polluted 
streams,  etc.,  which  in 
turn  provided  increased 
breeding  ground  for 
Culex  mosquito. 


34  cases  wi th  25  fatali¬ 
ties.  An  epidemic  of 
encephalomyl i tis  is  also 
occurred  at  this  time 
among  horses. 


3,000  cases 


Epidemic  occurred  among 
horses  and  pheasants, 
but  not  humans. 

Unusual  snowfall,  floods 
and  wasteful  irrigation 
practices  (mosquito  breed¬ 
ing  spots). 

600  cases 

•3  cases  with  10  fatali¬ 
ties. 

nn  epidemic  that  started 
in  July  consisted  of  I80 
cases  in  $  weeks.  By 
September  14  there  were 
a  total  of  22 3  cases  with 
18  fatal i ties . 
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c.  Class  (3)  Diseases:  Animal 

There  are  only  four  groups  of  animals  of  substantial  economic  im¬ 
portance  in  the  United  States;  namely,  cattle,  swine,  sheep,  and  poultry. 
All  ere  sources  of  food  and/or  fiber.  Horses  and  mules  have  been  largely 
replaced  by  motorized  vehicles.  Cats  and  dogs  are  primarily  kept  as  pets, 
only  a  tiny  percentage  serving  any  other  function. 

Wild  animals  and  fish  interact  with  man  in  a  more  indirect  way.  The 
ecological  relationships  involved  are  more  complex  and  probably  an  order 
of  magnitude  less  critical  than  are  farm  problems  arising  as  a  result  of 
nuclear  attack.  Hence  we  shall  not  discuss  them. 

With  regard  to  domestic  animals,  disease  treatment  and  prevention 
methods  are  generally  similar  to  methods  used  for  humans,  e.g.  clean  food 
and  water,  insect  control,  improved  diet,  etc.  There  are  three  major  dif¬ 
ferences: 

(1)  Contacts  between  animals  and  man  or  other  animals  can  be  de¬ 
liberately  controlled,  as  can  diet  and  other  aspects  of  life  (including 
reproduction). 

(2)  Diseases,  once  recognized,  can  be  "treated11  by  simple  isola¬ 
tion  and  destruction  of  sick  animals.  This  was  done  and  is  being  done 
for  a  number  of  diseases,  e.g.  hoof-and-mouth  disease,  bovine  TB,  pleuro¬ 
pneumonia  (of  cattle),  dourine  and  glanders  (of  horses),  hog  cholera, 
rabies,  brucellosis,  and  others. 

(3)  Animals  are  unable  to  summon  medical  aid  at  the  first  onset  of 
the  disease,  but  mu$t  wait  until  symptoms  are  obvious  to  an  (often  un¬ 
trained)  observer. 

Items  (I)  and  (2)  clearly  operate  in  favor  of  effective  disease  con¬ 
trol.  Item  (3)  is  moot,  since  experienced,  alert  farmers  are  probably  at 
least  as  good  at  diagnosing  trouble  among  their  animals  as  untrained  ci¬ 
vilians  are  at  recognizing  illness  in  themselves.  Diseases  may  be  trans¬ 
mitted  through  a  whole  herd  or  barnya'd  (in  a  bad  outbreak)  as  a  result 
of  direct  contacts  between  animals,  but  transmission  from  hsrd  to  herd  or 
farm  to  farm  is  inhibited  by  the  relative  isolation  of  the  various  groups 
of  animals  from  one  another.  This  does  not  totally  inhibit  diseases  borne 
by  wind  or  mobile  insects,  however. 

A  thermonuclear  attack  might  influence  *.he  spread  of  diseases  among 
animals  indirectly  by  causing  lowered  disease  resistance,  by  inhibiting 
treatment  and  control,  and  by  affecting  the  several  mechanisms  of  prop¬ 
agation,  As  with  humans,  general  health  of  animals  will  be  affected  by 
radiation,  mainly  external.  The  long-term  hazards  due  to  internal  doses 
of  radiation  are  probably  unimportant  from  the  medical  point  of  view. 
Supplies  of  medicines,  antitoxins,  vaccines,  etc.,  would  probably  be 
limited,  and  surviving  inventories  and  capacity  »s‘u!d  also  he  subject  to 
increased  demand  from  humans.  This  problem  might  be  rather  acute  in  some 
ci rcumstances. 
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Dispose!  of  carcasses  of  diseased  or  radi  dt. i on-ki  Hcd  animals  could 
be  a  problem  of  the  firs.  magnitude.  To  the  extent  that  it  is  found  to 
be  impossible  (e.g.  due  to  residual  radio&ct  i-vi  ly)  to  bury  or  burn  all 
of  them  immediately,  breeding  grounds  fo»  many  disease  organisms  and  in¬ 
sects  (particularly  flies)  would  be  available.  Very  large  copulations 
of  some  pests  could  be  bu'it  up.  The  consequences  seem  more  likely  to 
be  in  the  nature  of  a  general  health  hazard,  however,  rather  t,.an  a  dan¬ 
ger  of  breeding  specific  epidemic  diseases,  since  the  organisms  causing 
disease  in  animals  generally  perish  with  the  host.  This  should  be  stud¬ 
ied  in  more  detail,  however.  Tor  example,  the  spore-forming  bacteria 
Baci 1 1  us  anthracis,  producing  anthrax  (one  of  the  laost  widespread  and 
dangerous  diseases  both  of  animals  and  :nan),  retain  their  viability  for 
many  years  in  soil,  water,  or  elsewhere,  even  under  extreme  conditions 
of  temperature  and  humidity,  although  they  do  not  multiply  rapidly  any¬ 
where  except  in  the  blood  stream  of  a  warm-blooded  animal. 

As  in  the  case  of  h.«nans,  diseases  posing  postattack  epidemic 
threats  would  probably  have  to  be  (I)  highly  infectious,  rapidly  de¬ 
veloping  and  characterized  by  high  mortality,  and  (2)  spread  by  direct 
contact  between  animals,  inhalation  of  dust  or  aerosols  (e.g.  droplets 
from  nasal  discharges,  etc.),  or  ingestion  via  pasture  contaminated 
wi th  urine  or  feces. 

Diseases  which  require  ' (inoculation  direc.ly  into  the  blood  stream 
do  not  normally  result  in  epidemics,  since  wounds  or  abrasions  are  a 
condition  of  entry.  However,  if  the  screwworm  fly  should  again  becc  ie 
widespread  north  of  the  Rio  Grande— perhaps  as  a  result  of  postattack 
chaos  and  the  interruption  or  suspension  of  control  programs— condi  t  i ->ns 
favoring  this  type  of  spread  might  be  established. 

Diseases  spread  by  insect  bites  could  become  uncontrollable  and 
epidemic  if  a  large  enough  reservoir  of  cases  were  permitted  to  develop 
unrecognized  or  without  countermeasures.  However,  this  threat  seems 
more  potential  than  actual,  since  the  same  potential  threat  exists  in 
normal  times  and  scarcely  ever  materia! i zes. 

Descriptions  of  a  f  aw  diseases  with  epidemic  possibilities  follow, 

Hoq  cholera,  also  called  swine  fever,  is  a  viral  infection  which 
is  spread  by  contaminated  fovd  or  water  or  through  abrasions  in  the  skin. 
The  virus  moves  through  the  body  in  the  blood  aid  is  oresent  in  aH  body 
secretions,  thereby  providing  new  sources  of  infection.  Occasionally 
recently  vaccinated  hogs  are  capable  of  transmitting  the  disease.  The 
virus  may  be  carried  to  other  areas  on  any  infected  material  such  as 
food  or  feces  which  I*  transported  out  of  the  tamina.tcd  yard.  The 
mortality  rate  is  ver,  high.  Animals  that  recover  are  usually  cnronU 
caxev  depending  upon  the  vi  ruler  so  of  the  virus  and  the  resistance  of 
the  b*r;,  There  is  a  epcciny  for  prevent  i*y»  purposes  hut  no  known  treat  * 
went .  because  there  is  a  delay  of  about  five  or  s»>.  days  between  ex-*' 
posure  and  the  first  .*  *ibl«  symptoms,  during  ws.  ir.h  i  i-wo  other  animals 
can  contract  rhe  virus,  the  4is*«*e  »*  v>*te«  mart  odv,w-rd  in  the  herd 
than  it  appears  to  be. 
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Leptosoi ros i s  is  a  disease  caused  by  several  srecies  of  the  Lepto¬ 
spira  bacteria  and  in  cattle  produces  effects  ranging  from  mitk  loss  and 
abortion  to  death,  with  a  mortality  rate  of  7-45%.  Various  rodents  such 
as  rats  and  voles  act  as  reservoirs  of  the  bacteria.  Foci  exist  in 
California,  the  Midwest  and  the  Gulf  Coast.  Man  and  other  animals  are 
also  susceptible.  Carriers  may  excrete  the  bacteria  in  urine  for  several 
months.  Animals  usually  contract  the  disease  by  ingesting  contaminated 
food  and  water  or  by  entr*,  through  abrasions  in  the  skin.  The  infection 
is  spread  most  rapidly  in  large,  close-living  herds  in  damp  regions. 

Str'  ams  may  carry  the  bacteria  for  many  miles  into  uncontaminated  re¬ 
gions.  Antibiotic  treatment  is  effective  if  given  early  enough,  and 
vaccination  is  available  for  cattle  and  dogs  for  certain  species  of  the 
bacteria. 

Foot-and-mouth  disease,  a  highly  contagious  viral  infection  which 
spreads  rapidly  through  the  skin  or  intestinal  lining  into  the  blood 
stream,  effects  almost  all  cloven-footed  animals.  The  disease  has  not 
occurred  in  the  United  States  since  1929;  however,  outbreaks  of  the  dis¬ 
ease  Os-curr-id  in  Mexico  from  1946-1952  and  in  Canada  in  1952.  Control 
measures  involve  sla-ghtering  diseased  animals  and  prohibition  of  im¬ 
ports  of  hay,  straw  or  meat  from  countries  not  free  of  the  disease.  The 
virus  is  excreted  in  saliva,  feces,  urine  and  milk  and  can  be  transmit¬ 
ted  mechanically  by  any  article  that  comes  in  contact  with  the  infected 
animal.  A  vaccine  is  available  for  preventive  purposes  but  has  only  a 
six-month  effective  period.  Although  the  mortality  rate  is  only  about 
5%  in  adults,  it  is  higher  in  calves  and  may  approach  50%  ?r  severe 
epidemics. 

Rinderpest  i'  ?  highly  contagious  viral  disease  of  cattle  wr.:ch 
proceeds  rapidly  and  has  a  mortality  rate  of  15~75%.  The  mortality  rate 
tends  to  be  higher  in  areas  in  which  the  disease  is  ot  endemic,  as  in 
the  United  States.  The  vires  is  discharged  in  all  body  secretions  end 
enters  via  ingestion  of  contaminated  pasture  or  forage. 

Pullorum,  a  bacterial  infection  of  chickens  and  other  birds  caused 
by  Salmonella  pullorum,  is  a  highly  infections  disease  which  can  be  trans 
mit'.ed  through  the  egg  to  a  new  chick  or  may  spread  by  way  of  dust  par¬ 
ticles  or  contaminated  food  or  water  into  either  the  respiratory  or  di¬ 
gestive  system.  In  young  chicks  the  mortality  rate  may  be  as  high  as 
80-90%,  but  the  death  rate  decreases  with  age.  Chicks  who  recover  usu¬ 
ally  remain  lifetime  carriers  ar.d  sources  of  infection  for  new  chicks. 
Control  of  the  disease  requires  breaking  the  egg  transmission  cycle  b> 
testing  adn't  chickens  and  destroying  infected  ones  in  order  to  make 
sure  that  only  healthy  chickens  lay  eggs. 

Newcastle  disease  is  a  highly  infectious  virus  disease  of  poultry 
which  has  an  average  mortality  rate  of  30-40%  but  may  run  as  high  as 
100%.  The  virus  is  excreted  in  the  saliva,  nasal  secretions  and  drop¬ 
pings  of  infected  jirds  as  well  as  healthy  carriers — occasionally  for 
as  long  as  two  or  three  months.  A  vaccine  is  available  against  New¬ 
castle  disease  and  infectious  bronchitis,  another  viral  disease  of 
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chickens  which  spreads  by  direct  or  indirect  contact  throughout  poultry 
houses.  Another  highly  lethal  viral  disease  of  poultry  is  fowl  plague, 
for  which  there  is  neither  vaccine  nor  treatment  at  the  present. 


d.  Class  (3)  Diseases:  Crops^ 

One  t/pe  of  stres  •  with  which  organized  agriculture  must  cope  is 
plant  diseases  caused  by  pathogenic  organisms  including  viruses,  bac¬ 
teria,  fungi  and  nematodes.  Natural  constraints  on  the  spread  of  dis¬ 
ease  are  of  several  sorts: 

(1)  The  virulence  of  the  organism 

(2)  Factors  affecting  resistance  to  infection 

(3)  factors  affecting  modes  of  pathogen  transmission 

In  regard  to  point  (1),  the  most  salient  question  is  whether  the 
lingering  effects  of  nuclear  attack,  principal ly  radiation  from  fallout, 
are  likely  to  cause  an  increase  in  the  rate  oi  mutation  (or  natur  l  evo¬ 
lution)  of  pathogens.  The  extent  to  which  this  “mutation"  facte. r  is  im¬ 
portant  depends  on  how  much  reliance  is  placed  on  cross-breeding  to  ob¬ 
tain  immunity  to  disease.  In  the  case  of  plants,  particularly  cereal 
grains,  the  development  of  hybrid  varieties  of  plants  is  sometimes  said 
to  be  in  a  neck-ard-neck  race  with  the  natural  evolution  of  dangerous 
new  strains  of  blights,  rusts  or  viruses,  '  t  has  been  argued  that  thermo¬ 
nuclear  war  could  conceivably  upset  this  equilibrium  by  increasing  the  rate 
of  mutation  while  inhibiting  the  production  of  new  hybrid  species.  However, 
this  is  mere  conjecture  at  present,  since  the  exact  role  of  ionizing  radi¬ 
ation  in  producing  mutations,  or  of  mutations  in  evolution  has  not  been 
established.  Indeed,  recent  evidence  suggests  that  likely  levels  of  radiation 
are  likely  to  be  ineffective  at  inducing  mutations  or  increasing  virulence. 

Resistance  to  infection  might  be  sensibly  lowered  by  heavy  but  non- 
lethal  doses  of  radiation.  This  has  not  been  directly  demonstrated  but  it 
is  certainly  plausible.  The  rate  of  insect  defoliation  has  actually  been 
observed  to  increase  by  as  much  as  an  order  of  magnitude  on  radiation- 
weakened  trees.  That  resistance  to  attacks  by  mi croorgar isms  should  drop 
correspondingly  is  an  easy  conjecture.  On  the  other  hand,  there  is  some  data 
which  might  be  interpreted  as  evidence  that  at  low  levels  of  exposure  re¬ 
sistance  to  disease  may  actually  increase.*  If  this  were  shown  to  be  a 
general  phenomenon,  crops  at  the  outer  fringe  of  a  faiiout  zone  might  actually 
turn  out  to  be  unusually  healthy--an  important  point,  in  view  of  the  fact 


"'Results  consistent  with  this  hypothesis  are  treated  with  great  cau¬ 
tion  and  skepticism  by  scientists,  both  because  one  simple  theory  predicts 
that  somatic  and  genetic  damage  should  linearly  increase  with  dose,  and 
because  nobody  wants  to  be  accused  of  trying  to  prove  that  "radiation  is 
good  for  you." 
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that  for  most  attacks  far  snore  land  area  is  likely  to  be  in  the  25“1Q0  K 
zone  than  within  the  3000  R  Isodose  contour. 

Pathogen  transmission  is  a  subject  with  complex  ramifications. 
Various  agencies  are  responsible.  Fungus  spores  and  certain  bacteria 
are  often  transmitted  by  wind.  Some  organisms  remain  in  the  soil  from 
one  year  to  the  next  {providing  one  of  the  incentives  for  crop  rotation). 
Other  organisms  are  transmitted  via  infected  seed.  Still  others  are 
carried  by  man,  animals,  birds  or  insects.  Insects,  in  particular,  are 
so  closely  involved  with  the  transmission  of  plant  diseases  that  spe¬ 
cialized  synergistic  relationships  have  often  evolved. 

The  simplest  case  is  where  the  insects  merely  serve  as  a  vehicle. 

The  trsect  picks  up  spores  or  pollen  (on  its  feet  or  body)  from  a  sick 
plant  aid  deposits  them  on  a  healthy  one,  more  or  less  at  random.  Hon¬ 
eybees  and  other  nectar-collectors  are  often  involved  this  way  (e.g.  in 
spreading  fire  blight  of  apples  and  pears). 

Sometimes  the  insect  is  specifically  attracted  to  the  diseased 
plant  by  characteristic  odor,  but  otherwise  the  interaction  is  essen¬ 
tially  mechanical.  Thus  flies  are  attracted  by  a  sugary  substance  pro¬ 
duced  by  ergot  (fungal)  disease  of  rye.  Bark  beetles  are  thought  to  be 
attracted  to  weakened  or  diseased  trees  by  the  smell  of  fermentation 
from  the  cambium  layer.  In  some  instances  wind-blown  spores  must  find 
openings,  such  as  insect  bites,  to  grow  on  the  new  host.  More  often 
insects  are  required  simultaneously  for  both  functions,  transportation 
and  penetration  of  the  outer  skin  of  the  plant.  Many  fungal  diseases 
of  trees  gain  entrance  with  bark  beetles;  for  example,  the  Dutch  elm 
disease  and  the  blue  stain  disease  of  pine  trees  spread  this  way. 

A  still  more  intimate  relationship  exists,  in  some  instances, 
where  the  insect  server  as  an  alternate  host  (e.g.  for  overwintering: 
bacteria  Bacterium  s  tewa  r  t  i  i  ,  v+iich  causes  wilt  of  sweet  corn,  winter 
in  the  bodies  of  the  corn  fiea  beetle).  The  relation  may  be  parasitic 
or  even  symbiotic  if,  for  example,  the  bacteria  supply  vitamins  or  en¬ 
zymes  for  the  insect  host. 

Some  fur.ga'  diseases  involve  mating  between  spores  of  opposite 
sexes.  One  case  is  the  black  stem  rust  of  wheat,  Pucci nia  q  ram  inis, 
which  winters  on  barberry  leaves  ’where  a  sexual  mating  must  take  place. 
This  is  normally  accofr.pl  i shed  with  tne  help  of  insects  feeding  on  the 
1  eaves . 


One  mechanism  whereby  the  aftermath  of  a  nuclear  attack  miqht  in¬ 
fluence  the  spread  of  diseases  (or  insect  pests  themselves)  has  been 
suggested  by  Stonier, A  number  of  diseases  end  pests  move  from  south 
to  north  as  the  growing  season  progresses.  The  stem  rusts  of  wheat, 
mentioned  above,  are  one  example  in  which  wind  is  the  primary  carrier. 
Other  diseases  are  carriev  by  insects  which  winter  in  the  south  and 
gradually  move  north  as  the  year  advances.  Fallout  patterns  follow¬ 
ing  a  nuclear  attack  would  tend  to  run  east -west,  especially  across 
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the  Mississippi  Valley  and  the  Great  Plains.  The  northerly  progress  of 
insects  and  wind-blown  spores  would  therefore  be  interrupted  at  :,~*er- 
vals  by  swathes  of  fal lout- contaminated  land.  The  consequences  migh 
depend  on  the  *-:n>e  of  year. 

An  attack  before  the  crops  had  been  planted  would  deposit  fallout 
over  fallow  or  ploughed  fields.  Farmers  in  contaminated  areas  would 
probably  not  attempt  to  plant.  Hence  the  fields  would  produce  mostly 
weeds  and  grass  from  stray  wind-blown  seeds  (or  nothing  at  al 1 ,  if  the 
fallout  were  heavy),  which  might  not  be  suitable  hosts  for  pests  of 
crops  and  would  act  as  "attenuators"  of  the  northbound  vectors. 

An  attack  after  planting  would  find  partly  grown  crops,  which  would 
presumably  be  weakened  by  radiation  from  fallout.  Lack  of  attention  by 
farmers  would  subsequently  result  in  further  loss  of  over-all  ability 
to  resist  infection.  The  result  might  well  be  the  reverse  of  the  pre¬ 
vious  example,  e.g.,  the  radioactive  strips  of  weakened  crops  might 
"amplify"  the  disease  vectors,  paving  the  way  for  a  disastrous  outbreak. 

e.  Overview 

Nuclear  attack  would  probably  not  cause  epidemics,  bee  would  remove 
some  of  the  constraints  which  ordinarily  inhibit  them.  That  the  incidence 
of  disease  would  rise  in  a  postattack  environment  Is  hardly  in  dispute. 

The  question  is:  how  much? 

Conditions  which  permitted  the  devastating  plague  and  typhus  epidemics 
of  the  Middle  Ages  would  hardly  recur  today,  regardless  of  the  extent  of 
physical  destruction  caused  by  war,  barring  totally  unforeseen  circum¬ 
stances.  The  difference  between  15th  and  20th  century  is  striking:  once 
men  attributed  disease  to  evil  spirits,  surplus  blood,  or  miasmic  airs. 
Today  the  role  of  rats,  fleas,  flies,  mosquitoes,  lice,  polluted  drinking 
water,  etc.,  are  very  widely  known,  while  sewage  treatment,  sterilization, 
chlorination,  and  antisepsis,  are  equally  widely  practiced  by  the  public. 
Not  only  is  the  level  of  sophistication  of  the  lay  public  much  higher  than 
in  previous  centuries,  but  there  exists  an  effective  medical  and  public 
health  profession  and  a  number  of  institutions  and  agencies  charged  with 
preventing  outbreaks,  diagnosing  them  early  and  taking  active  counter¬ 
measures.  In  the  circumstances,  epidemics  of  the  classical  type  seem  very 
unlikely,  even  if  the  efficiency  of  the  agencies  responsible  for  health 
matters  are  considerably  reduced. 

The  possibility  of  some  sort  of  pulmonary  infection  spread  through 
the  air — similar  to  the  1918  influenza  pandemic — and  therefore  not  con¬ 
trollable  by  normal  means  (except  isolation)  cannot  be  ruled  out,  but 
neither  is  it  easy  to  see  how  such  a  hypothetical  disease  would  be  brought 
about  by  plausible  postattack  conditions. 

A  substantial  temporary  rise  in  the  death  rate  from  diseases  of  all 
sort:,  (perhaps  by  a  factor  of  3  or  5  but  not  100),  is  the  most  likely  con- 
comit-int  of  nuclear  attack.  The  casualties  seem  likely  to  be  small  in 
comparison  with  casualties  from  radiation,  blast  or  fire. 
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3 *  Pest  Outbreaks 


There  are  three  classes  of  universally  recognized  pests  (apart  fro™ 
disease  organisms),  in.eccs,  rodents  and  rabbits,  and  "weeds."  In  various 
local  situations  the  word  "pest"  might  have  other  connotations,  e.g.  some 
kinds  of  birds,  giant  snails,  marauding  raccoons,  etc.  In  the  United  States 
(circa  19&5)  it  is  probably  reasonable  to  concentrate  mainly  on  the  three 
major  groups,  although  some  of  our  remarks  will  have  more  general  applica¬ 
bility. 

The  fundamental  question  is  whether  the  aftermath  of  a  nuclear  attack 
is  likely  to  produce  conditions  favoring  such  outbreaks.  To  treat  it,  we 
must  try  to  understand,  at  least  in  general  terms,  the  population  dynamics 
of  the  major  pest  species. 

Demographers  and  economists  since  Hal  thus  have  argued  the  notion  that 
human  population  is  constrained  basically  by  food  supply.  This  idea  has 
become  so  axiomatic  that  many  people  tend  to  assume,  without  critical 
examination,  thnt  other  animal  populations  are  controlled  in  the  same  way. 
Even  a  simplist'c  critical  examination  reveals  that  the  truth  is  not  quite 
so  simple.  A  sssghtly  more  sophisticated  approach  is  to  recast  the  problem 
in  terms  of  death  rate  (e.g.  resulting  from  predation  or  starvation)  vs. 
birth  rate  (e.g.  fertility,  breeding  conditions).  For  example,  it  might 
be  argued  that  if  insects  as  a  class  find  food  easier  to  obtain,  their  num¬ 
bers  may  increase  and  vice  versa.  Or,  one  might  argue,  if  the  vertebrate 
predators  of  insects  (birds,  mammals,  lizards,  etc.)  are  deputed  in  num¬ 
bers,  then  insects  may  prosper  and,  again,  vice  versa.  Both  propositions 
may  seem  to  be  unnecessarily  qualified,  but  neither  is  actually  so.  if  no 
causal  relation  implied  in  the  two  statements  would  be  invalid  in  any  situ¬ 
ation  where  productivity  of  the  ecosystem  (in  terms  of  protoplasm  or  bio¬ 
mass)  is  limited  by  some  factor  other  than  food  or  predation.  Water,  sun¬ 
light,  temperature,  humidity,  mineral  elements,  shelter,  favorable  places 
to  build  nests  or  lay  eggs,  may  be  limiting  in  various  circumstances. 
Increasing  the  supply  of  any  element  which  is  not  being  fully  utilized 
already  will  not  lead  to  a  radical  change  in  the  basic  interrelationships." 

In  a  number  of  biomes  specific  limiting  factors  are  fairly  easy  to 
identify  (see  Table  4-l),  but  in  other  cases  a  rather  deep  analysis  would 
be  needed. 


"A  more  careful  argument  would  have  to  take  into  account  the  fact 
that  these  limiting  factors  are  not  all  independent  of  each  other.  For 
example,  a  very  healthy  organism  can  ‘•nrvive  greater  extremes  of  temperature 
than  a  sickly  one,  etc.  There  is  no  sharp  cutoff  in  most  cases,  such  that 
the  system  suddenly  fails  to  operate  beyond  a  well-defined  point.  Rather, 
an  ecosystem  can  be  thought  of  as  having  certain  income  (production  of  pro¬ 
toplasm)  which  can  be  spent  either  in  consumption  (maintenance)  or  in  in¬ 
vestment  (new  growth).  Each  necessary  element  (water,  light,  etc.)  has  an 
associated  "cost"  which  is  low  as  long  as  utilization  is  small  compared  to 
the  amount  available,  but  rises  sharply  ns  utilization  approaches  i 00%  of 
total  supply.  Growth  ceases  when  total  production  is  required  for  main¬ 
tenance. 
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Table  4-1 


Limiting  Factors  For  Selected  Biomes  and  Populations 


Ocean,  upper  layers 

phosphorus 

Ocean,  lower  layers 

sunl i ght 

Rivers ,  pol luted 

oxygen — dissolved 

Forest,  floor  and  lower  story 

sunl i ght  (and  water) 

Forest,  upper  story  (dominants) 

densi ty 

Birds  in  farm  country 

nesting  sites 

B i rds  in  Forests 

dens i ty 

Carnivores,  Insectivores 

food 

Gramin i vores* 

predation/food 

Fish 

predation/food/oxygen 

Fungi 

temperature  and  humidity 

Agri cul ture 

usually  one  of:  water/ 

ni trogen/phosphorus/cslcium/ 
length  of  growing  season/ 
soil  porosity  and  humus  content. 

Desert  vegetation  water 

One  of  the  most  important  animal  commun i t ? e s  from  our  point  of  view 
is,  of  course,  arthropoda  (which  includes  insects).  We  are  particularly 
concerned  with  the  question  of  whether  and,  if  so,  to  what  extent,  insect 
populations  are  food-limited  or  predator- 1 imi ted . 

As  regards  the  first  suggestion,  one  can  assert  with  considerable  con¬ 
fidence  that  insect  populations  are  not,  as  a  rule,  food-limited.  This  is 
a  corollary  of  the  fact  that  seldom,  if  ever,  do  insects  consume  more  than 
a  small  fraction  of  the  available  food.  The  occasional  plagues  of  locusts 
and/or  grasshoppers  in  semi-arid  lands  are  exceptions  warranting  special 
consideration,  but  there  are  almost  no  other  examples  on  record.  One  reason 
complete  devastation  is  so  unlikely  is  that  most  plant-eating  insects  are 
specialists  living  off  one  or  a  few  species  and  scorning  the  rest.  Grass¬ 
hoppers  are  one  of  the  very  few  types  of  insects  which  will  eat  practically 
anything  green.  Among  the  familiar  pests,  the  only  others  with  really  broad 
tastes  are  the  Japanese  beetle,  the  gypsy  moth  and  the  codling  moth  (the 
latter  two  being  pests  of  deciduous  trees). 


JU 

Grass-eaters. 
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There  is  more  evidence  «n  favor  of  Insects  being  predation-limited, 
at  lesit  on  occasion.  Birds  have  sometimes  been  credited  with  spectacular 
interventions  to  control  local  epidemics  of  insects.  A  statue  in  Salt 
Lake  City  was  erected  in  honor  of  seagulls  which  allegedly  suppressed,  just 
in  time,  a  disastrous  19th  Century  outbreak  of  Mormon  crickets.  Other 
cases  have  been  cited  along  the  same  lines,  but  not  with  sufficiently  high 
frequency  to  suggest  more  than  that:  a  local  concentration  of  birds  may 
sometimes  decimate  an  unusually  large  local  population  of  insects.*  There 
are  many  more  instances  where  large  populations  of  insects  proceeded  along 
their  destructive  way  without  serious  interference.  For  example  the  Engel- 
mann  spruce  bark  beetle  epidemic  in  Colorado  (19^0-1950)  was  substantially 
unaffected  by  the  efforts  of  woodpeckers  which,  in  effect,  merely  nibbled 
at  the  edges.  One  possible  reason  for  this  is  that  the  woodpecker  popula¬ 
tion  density  could  not  increase  enough — beir.g  otherwise  limited — to  make 
inroads  on  the  overwhelming  numbers  of  insects. 


A  quick  survey  o'  the  literature  turned  up  the  following  instances: 


—  Blackbirds  have  been  responsible  for  notable  triumphs  against  caterp  liars 
(California  orchard  near  Hayward,  1901),  Cankerworms  (cal i fornia  orchards 
near  San  Jose  and  Sonoma  County,  1908)  wi reworms  (irrigated  fields  near 
Turlock  and  Modesto,  California,  1919),  fall  army  worm  (peanut  fields  in 
Florida,  1919),  cotton  bollworm  (southern  plantation,  1919),  alfalfa  weevil 
(Utah,  1920),  yellow-striped  army  worm  (asparagus  field  in  California,  1925; 
vineyard  in  Eldorado  County,  1929),  and  grasshoppers  (berry  patch  In  California, 
1937).  n 

—  Birds  of  various  species  cleared  a  320-acre  tract  on  Salt  Creek  near 
Lincoln,  Nebraska  of  locusts  during  the  cutbi  •  *:.  of  1375.  Again  in  1877, 
one  spot  on  Salt  Creek  135  locusts  per  square  foot  were  counted,  but  birds 
flocked  to  the  area  and  dispatched  them  all  within  a  month.  2 

--  Western  meadowlarks  suppressed  an  outbreak  of  Mormon  crickets  near 
Adrian,  Washington  in  the  rail  of  1918J3 


—  English  sparrows  were  credited  with  controlling  the  alfalfa  weevil  in 
Salt  Lake  Val ley,  1910-191 1 .  14 


--  Woodpeckers  flocked  to  ar,  infestation  tf  Engelmann  spruce  bark  beetles 
In  Kootenai  National  Forest,  Idaho,  in  the  winter  of  1937-1938,  apparently 
destroying  75-80%  of  all  the  overwintering  troods  above  the  snow  line. *5 
Again,  woodpeckers  did  good  work  in  an  Engelmann  spruce  bark  beetle  out¬ 
break  in  the  White  River  National  Forest,  during  the  summer  of  '9k7. 

This  time  the  mortality  of  the  brood  approached  100%  in  some  places.  - 


--  English  sparrows  (Massachusetts)  and  hairy  woodpeckers  (Ohio)  are 
credited  with  exterminating  tussock  moth  outbreaks  by  disposing  of  vir¬ 
tually  all  egg-masses  laid  above  the  snow  line  (90%). 


--  Starlings  controlled  infestations  of  brown-tailed  moth  and  gypsy  moth 
in  Massachusetts  by  consuming  60%  of  the  larvae. 
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It  is  undoubtedly  true  chat  the  total  numbers  of  certain  types  of 
insects  are  held  in  check  by  bird  predation  in  areas  where  nesting  sites 
are  plentiful.  Even  though  all  the  sites  may  be  -ccupied,  the  number  of 
eggs  laid,  the  number  hatched  ana  the  number  f 1  edge d  depend  strongly  on 
the  availability  of  food.  Thus  the  more  insects  there  are,  the  greater  the 
pressure  of  predation.  The  following  season,  however,  the  number  of  nest- 
ing  pairs  can  be  no  greater  than  the  maximum  afforded  by  the  area,  so  that 
the  increased  bird  predation  does  not  carry  over  except  to  the  extent  that 
there  may  be  some  extra  bachelors  or  spinsters  around.  (Being  weakest  and 
least  aggressive,  these  tend  to  die  off  quickly.) 

Although  there  is  no  certainty  that  insectivorous  birds  play  a  criti¬ 
cal  part  in  coi  rolling  agricultural  insect  pests,  tney  undoubtedly  do  con¬ 
sume  vast  numbers  of  insects.  It  is  known  that  insects  comprise  two  thirds 
of  the  yearly  diet  of  the  common  land  birds  in  North  America.  The  insect 
food  preferred  by  each  species  of  bird  depends  on  the  season  and  the  range. 
For  example,  robins  are  ir  wn  to  eat  insect  larvae  in  the  early  spring  and 
caterpillars,  grasshoppers,  bugs,  spider?  and  various  beetles  during  the 
rest  of  the  year.  Most  othei  common  insect-eating  birds  show  the  same 
fairly  cosmopolitan  tastes  in  their  diets,  with  a  few  exceptions.  As  a 
rule,  swallows,  flycatchers  and  swifts  catch  insects  in  the  air;  whereas, 
members  of  the  thrush  family  (robins,  bluebirds  and  thrushes)  and  black¬ 
birds  consume  ground-living  insects.  Woodpeckers  generally  pick  insects 
out  of  the  bark  of  trees.  Flickers,  although  members  of  the  woodpecker 
family,  seem  to  prefer  insects,  especially  ants,  found  on  the  surface  of 
the  ground.  Chickadees,  crows,  starlings,  jays  and  others  live  partly  on 
insects  and  partly  on  seeds  and  fruit.  Except  for  woodpeckers,  most  insect¬ 
eating  birds  must  migrate,  due  to  inadequate  winter  food  supply  in  the 
higher  latitudes. 

As  an  indication  of  the  quantities  involved.  Stonier^  quotes  a  study 
of  English  sparrows  in  Salt  Lake  Valley  which  suggested  that  one  brood  of 
birds,  during  the  10-day  period  before  leaving  the  nests,  would  consume  ap¬ 
proximately  20,000  insects  (alfalfa  weevil  larvae  or  others  of  equivalent 
bulk). 

There  may  also  be  some  predation-limiting  in  the  case  of  skunks,  bats, 
shrews,  moles  and  other  mammalian  insectivores,  which  are  themselves  food- 
or  shelter-limited.  Shrews,  for  example,  normally  consume  their  body  weight 
in  insects  and  eggs  every  three  hours  or  so.  Shrew  population  is  probably 
limited  by  the  availability  of  winter  shelters  affording  sufficient  food. 
Faced  with  starvation,  shrews  will  attack  and  eat  mice  or  other  animals 
larger  than  themseives.  Bats  are  probably  shelter-limited,  requiring  pro¬ 
tected  cases  or  holes  to  sleep  in  by  day  and  for  hibernating  in  winter.  A 
certain  minimum  density  of  insect  life  is  required  to  support  a  single 
mammal,  but  the  number  of  surviving  young  per  litter  and  the  number  of 
litters  ir;  a  summer  season  will  increase  sharply  if  greater  food  supply 
warrants  it.  Skunks  and  bats  are  larger  and,  despite  lower  metahjKc  rates, 
require  larger  absolute  quantities  of  insect  food.  To  survive  the  foodless 
winters,  they  must  hibernate.  Mammalian  predation  can  increase  very  rapidly 
to  take  advantage  of  increased  food  supplies.  Unfortunately,  mammals  are 
limited  largely  to  ground-level  or  underground  supplies  (or  nocturnal  ‘lying 
insects  in  the  c'se  of  bats)  and  cannot  easily  control  the  leaf-chewing  in¬ 
sects  which  normally  do  greatest  damage. 
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It  Is  clear,  however,  that  "predatior-i  imiting’'  is  a  misnomer.  Pre- 
atlon  is  only  limiting  in  the  indirect  sense  that  progressive  income  tax 
is  limiting.  As  with  income  tax,  predaticn  may  increase  on  a  rising  scale, 
but  it  probably  seldom  takes  more  than  100%  of  ar;  incremental  !ncrease  in 
insect  population,  as  the  notion  of  “limiting11  implies.  Actuary  other 
factors  eventually  put  the  lid  on  (both  on  income  and  on  insect  population). 

For  insects  the  relevant  constraints  include  food  predation,  para¬ 
sitism,  disease,  temperature,  humidity,  physical  surroundings  and  human 
intervention.  Table  4-2  lists  18  of  the  most  destructive  insect  pests, 
together  with  various_constraints  on  their  populations,  which  have  been 
identified  by  a  search  of  the  available  literature,  it  is  probably  reason¬ 
able  to  assume  that  the  pattern  which  seems  to  emerge  is  typical  of  other 
insect  pests  as  well. 

A  nuclear  war  would  presumably  affect  insect  pest  populations  in  two  ways: 

(1)  by  direct  radiation  damage,  either  external  or  internal— mainly 
through  sterilization  due  to  B-radiation; 

(2)  bv  altering  critical  constraints  on  populations.  Unfortunately 
(from  the  point  of  view  of  the  analyst)  these  constraints  are  exceedingly 
complex  and  variable,  as  Table  4-2  shows. 

The  first  mode  of  interaction  has  been  discussed  in  the  chapter  on  radio¬ 
logical  effects.  Due  to  rapid  0-decay,  weathering,  and  rapid  turnover  of  in¬ 
sect  populations,  the  direct  damage  would  probably  be  largely  restricted  to  a 
single  season.  The  residual  consequences  would  be  selective  temporary  re¬ 
ductions  of  certain  species  populations  generally  lasting  only  a  year  or  two. 

Ecological  controls — predation,  parasitism,  disease,  food  supply-in¬ 
volving  other  organisms  with  very  short  life-cycles  would  presumably  also 
return  to  preattack  homeostatic  equilibrium  within  a  season  or  two. 

The  temperature-humidity  factors  are  likely  to  change  only  if  nuclear 
weapons  effects  are  capable  of  strongly  influencing  the  weather.  The  various 
mechanisms  which  might  plausibly  be  involved  were  discussed  earlier  (Chap¬ 
ter  111).  However,  it  should  be  noted  that  any  change  in  weather  conditions 
is  likely  to  favor  some  insects  and  hurt  others,  so  that  the  net  balance  of 
effects  is  hard  to  determine.  Moreover,  extremes  of  weather  occur  each  year 
as  a  matter  of  course  in  on  location  or  another  without  major  effects  on 
insect  life  (with  the  possible  exception  of  grasshoppers,  discussed  separately 
later  on).  Forest  pests  such  as  the  bark  beetle,  Oendroctonus  enqelmanni,  the 
villain  of  the  1940-1950  outbreak  in  Colorado,  are  also  likely  to  profit  by 
the  creation  of  favorable  breeding  opportunities  as  in  areas  of  fire  or  r&ui- 
ation  weakened  trees — to  the  extent  that  availability  of  preferred  food 
supplies  is  otherwise  limiting.  A  quantitative  prediction  of  the  extent  of 
the  likely  damage  due  to  this  kind  of  synergistic  Interaction  is  one  of  the 
most  difficult,  yet  fascinating,  questions  which  arises.  Some  of  the  con¬ 
siderations  relevant  to  building  appropriate  mathematical  models  to  handle 

the  analysis  are  discussed  in  more  detail  in  Appendix  0.  The  crucial  _ 

point  here  is  that  trees  are  very  long-lived,  hence  an  Imbalance  of  the 
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relationship  between  trees  and  insects  feeding  thereon  could  be  correspond¬ 
ingly  persistent.  Silting  of  irrigation  channels  or  dams  due  to  erosion 
(see  Section  7  of  this  chapter)  could  lead  to  the  creation  of  swampy  areas 
favorabie  to  mosquito  breeding.  This  has  happened  historically  in  various 
places  such  as  the  Pontine  marshes  at  the  mouth  of  the  Tigr ? s-Euphrates  in¬ 
to  the  Persian  Gulf  and  elsewhere. 

Another  potential  threat  is  that  heavy  postattack  emphasis  on  meat  pro¬ 
duction  to  minimize  the  dietary  Sr-90  hazard  (see  Chapter  |)  could  conceiv¬ 
ably  lead  to  overgrazing.  This  could  result  in  conditions  favoring  outbreaks 
of  graminivorous  insects  such  as  grasshoppers  and  Mormon  crickets.  These 
insects  prefer  to  lay  their  eggs  in  hare  patches  of  hot,  dry  soil  amidst 
patches  of  vegetation  for  food  supply.  A  population  density  of  25  per  square 
meter  may  consume  as  much  forage  as  33  cows  per  100  acres.  Distribution  of 
grasshoppers  in  1962  (a  bad  fire  year,  due  to  unusual  dryness): 


Grasshopper  Population:  1962^9 

320,000  mi^  with  3-7  grasshoppers/yard^  (average  4) 

80,000  "  "  8-14  »  "  (  "  10) 

40,000  "  "  15-27  "  "  (  "  20) 

10,000  "  "  28+  "  "  (  "  30) 

The  above  tabulation  probably  accounts  for  all  grasshopper  damage  of  a  level 
sufficient  to  be  counted,  although  there  were  probably  500,000  square  miles 
with  an  average  of  1-2  grasshoppers  per  square  yard.  On  this  basis  the 
areas  with  abundant  or  very  abundant  populations  (15  or  more)  accounted  for 
over  30%  of  all  assessed  damage.  Since  insecticides  were  used  against  the 
heaviest  outbreaks,  it  can  be  safely  assumed  that  in  their  absence  the 
damage  would  have  been  higher.  Thus,  conservatively  it  seems  reasonable 
to  assign  one  third  of  the  total  destruction  to  epidemic  outbreaks  and 
two  thirds  to  endemic  populations.  The  damage-frequency  distribution  is 
qualitatively  similar  to  the  distribution  proposed  (Appendix  F)  for  de¬ 
structiveness  of  fires.  Quantitatively,  the  annual  loss  to  rangeland  (ex¬ 
cluding  croplands)  due  to  grasshoppers  alone  is  estimated  to  be  $90,000,00050 
or  18%  of  the  actual  annual  production  from  grazing  land. 

These  figures  apply,  of  course,  to  "normal"  times  without  overgrazing 
or  extra  stresses.  It  is  difficult  to  hold  down  the  losses  because  many 
semi-arid  lands  vary  widely  in  productivity  from  year  to  year  (depending 
on  whether  rainfall  is  above  or  below  average),  thus  providing  the  basic 
preconditions  for  violent  fluctuations  among  local  animal  and  insect  pop¬ 
ulations.  (Two  high  rainfall  years  in  a  row  are  likely  to  produce  a  pop¬ 
ulation  "explosion"  followed  by  a  sudden  collapse.)  A  greater  sustained 
human  demand  on  the  production  of  the  land  leaves  less  surplus  for  other 
species  and  may  conceivably  intensify  the  oscillations  causing  higher 
average  percentage  losses. 

Past  experience  provides  some  indications  of  the  nature  and  scale  of 
future  threats.  Table  4-3  summarizes  a  few  case  histories  of  some  interest 
in  this  regard. 
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Table  4-3 

Periodic  Insect  Outbreaks 
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Specie!! 


Petes  C  Maces  of  Outbreaks  Conditions  for  Onset 


Control  Measures 


Chinch  bug^* 

(11  issus  leucopterus) 


1783-  first  ’’ccorded  outbreak  70°^. 

in  U.S.  days. 

I8S0-  1900  U.S. .  $350,000,000  of  -,rnu 

damage 

191^-  13  Illinois  counties 

(caused  loss  of  $6,000,000 
worth  of  corn,  wheat,  and 
oats. 

193**-  Illinois,  $40,000,000 
worth  of  damage 

1983-  (Sept.)  Lou i sana 


enip.  on  sunny  Heavy  rainfall. 

Invades  ct  time  Sowing  of  wheat 

1  grain  harvest,  on  fertile  soi  • 

(buy  avoids  shade  f, 
dampness) . 

Winter  burning  in 
hibernating  quaiters 
in  areas  west  of 
Mississippi  River. 

Trapping  and  spraying 
barrier  strips  with 
dieldrin  or  creosote 


The  chinch  bug  has  been  found 
throughout  the  U.S.,  in  south¬ 
ern  Canada,  in  Mexico  and  in 
Central  America,  Its  areas  of 
greatest  destructiveness  are 
In  the  Mississippi,  Ohio,  and 
Missouri  River  Val leys. 


Engelmann  Spruce 

Bark  Battled 
(Dendroctonus 
engelmann!)  Hopk 

1898-  White  River  National 
Forest,  Colorado 

1909-  Lincoln  National  Forest, 
New  Mexico 

1939-  1950-S.W.  Colorado 

T ree  s  b 1  own  down  . 
Attracted  by  fermen¬ 
tation  in  comb-i um  of 
unhealthy  trees. 

Woodpeckers,  uold  win¬ 
ters,  sun  curing, 
logging  damaged  trees. 
Normally  repelled  by  pitch 
flow  of  healthy  trees 

PI  r  Engraver 

Beetle” 

(Scolytus  Vent  rails) 

19S1*-  Cibola  National  Forest, 

New  Hex  1 co 

1962-  California  (statewide) 

Lowered  resistance  of 
trees  due  to  drought 
periods 

Predators:  clerid  beetles 

Parasites:  braconid  wasps 
and  a  mite  (Ped i cu loi des 
vent  r i cos js) 

Oil  spray  t  logging  damaged 
t  r»es . 

Spruce  Budworm^^ 

1909-  Quebec 

Overmature  trees 

Parasitic  wasps  and  flies, 

(Chori  stoneura 

Fumi  ferana) 

1910-  1925-forests  of  east- 

Dry,  sunny  summers  for 

logging  damaged  trees 

ern  U.S.  and  Canada 

about  k  consecutive 

B  i  rds 

Almost  continuous  outbreaks 
in  Canada  «■  U.S.  have  spread 
into  Oregon,  Minn.  etc. 

Epidemic  proportions  reached 
in  Ontario  1935 — some  decline 
since  I 948 . 

I3l*9-  New  Brunswick 

1962-  Warner  Mountains,  Modoc 
County ,  Ca! i forn i a 

years. 

Storms 

Douglas  fir  Bark  Beetle 
Beet Ie55 
(Dendroctonus 
pseudotsugae) 


1 933-  Tillamook  Forest 

1962-  Shasta  County,  8lack 
Mountains,  Humbolol 
County,  and  Hatchet 
Mounta : n ,  Cali f orn i a 


Wind thrown  tree. 
Fire-damaged  trees 


Mist  of  5/  DOT  in  fuel  oil, 
logging  damaged  trees 
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Periodic  Insect  Outbreaks  (>ont.) 


Species 

Oates  S  Places  of  Outbreaks 

Condi [ions  lor  Onset 

Confol  Measures 

Lodgepole  Needle  Miner ^ 
(Recurvaria  Mi  1 leri ) 

1900-Southern  Sierra  Nevada 

1 945-Vosemi te  National  Park 

1 955-Tuo 1 unne  River  Basin, 

Merced  River  headwaters, 

Cal i fornia 

Old-overmaturo  stands 

Elevations  between 
8,000  f,  1 0, 000  ftet 

Disease:  granulosis  virus. 

Aerial  applications  of 
maiathion  or  DOT 

Logging  timber 

1962-Kings  Canyon  National 

Park,  Cal i forni a 

Hemlock  Sawfly^ 
(Neodiprion  tsuqae) 

1933-Coastal  forests  of 

Oregon,  Washington, 

British  Columbia  and 

Alaska 

Old  fol iaae 

Hymenopterous  parasites 
(Delomerista  diprion  s 

Cush,  and  Iceplectis 

Montana  Cusn. 

DDT  and  other  chlorinated 
hydrocarbon  insecticides 

SawflyS® 

(Neo<H prion  taedae 

1  inearl  s) 

1940- first  observed  in  S. 

Arkansas 

1945-48  j  million  acres  in 
that  area  attacked 
(loblolly  and  shortleaf 
pine) 

Polyhedral  virus  (destroys 
larvae) 

Aerial  spraying  DDT  in  fuel 
oi  1 

59 

Western  Pine  Beetle 
(Oendroctonus  brevicomis) 

1920- observed  in  the  Pacific 

1921- '946-Pacific  States-25 
billion  board  feet  of 
timber  ki 1  led. 

Logging  damaged  timber 

Spraying  infested  trees; 

5%  DDT  in  fuel  oil 

1962-Cat i fornia  (heavy  in 

Southern  portion  of  state) 

Inactive  in  temperature 
below  50°F. 

"Mother  Lode  infestation — 
estimate  acreage:  2,400,000-- 
from  El  Dorado,  south  to  Kern 
County,  Ca  1  i forn i a 

Mostly  attacks  ponderosa  and 
Coulter  pine 

60 

Grasshopper 

(Oissosteira  longipennis) 

1740-Massachusetts  Colony 

1805-Montana 

I 8l 8-Mi nnesota 

Ceve-ai  years  of 
drought 

Subhumid  and  semi-prid 
regions 

Insecticides:  aldrin, 
chtordane,  heptachlor, 
me  thozyehl or 

Tillage  and  seeding  program 

1 874-76- swept  across  western  Mountain  meadows,  and 

plains  states"’  cutover  land 

1891 -35- (1892  peak)  same  area 
1934-38-  0938)  peak)  "  1 


The  invasion  caused  over  $200,000,000  damaoe  and  was  termed  a  national  disaster  ny  Congress. 


0 


4-;e 


Species 

61 

Differential  grasshopper 

(Malanoplus  differential  1 si 


62 

Mormon  Cricket 
(Anahrus  Simplex) 
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Table  i-3 

Periodic  Insect  Outbreaks  (Cont.) 


Dates  fr  Places  of  Out.Lreak 


Conditions  for  Onset  Control  Measures 


I Jd9-ob served  in  Mld-Westerri 
StJtes* 

1945-peak  In  Mid-West 
1951-lower  Yellowstone  River 
1 95 d -McCone  County,  Montana 
and  Sargent  County,  N. 
Dakota,  Eastern  Kansas 


Above  normal  precipi¬ 
tation  for  an  eiea, 
followed  by  Ijsh 
growth.  High  tem¬ 
peratures  (a®0°  f.) 
stimu’ate  flying  and 
migrat ion 


Poison  bait 
Aerial  spraying 


1848-Great  Salt  Lake  Basin 
1937-Rocky  Mountain  Region 
1939-Nevada 

1937-1949-Mevada,  Montana, 
Wyoming,  and  Idaho 


Migrations  take  place 
on  clear  days  with 
air  tenperature 
65°-95°F.  t  soil- 
surface  temperature 
75  -125°,  when  wind 
velocity  <20-25 
ro.p.h. 


Poisoned  bai t 

Oil  and  fence  barriers 

Abnormally  cold  t  wet 
weather  for  about 
a  month 

Predators  &  parasites 


* 


Replaced  migratory  grasshopper  in  predominance  from  1939.  Replacement  associated  with  higher  precipitation. 
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In  summary,  the  aftermath  of  a  large-scale  perturbation  such  as  nuclear 
war  may  well  lead  to  certain  imbalances  or  temporary  changes  in  the  role  of 
insects  in  the  balance  of  nature  as  we  know  it.  For  reasons  described, 
grasshoppers  and  forest  pests  are  a  particular  threat  if  more  favorable 
breeding  conditio.^  for  them  result  from  changed  agricultural  objectives 
and  practices.  In  marginal  subhumid  grasslands  subjected  to  overgrazing, 
or  in  radiation-damaged  conifer  forests,  there  would  be  considerable  likeli¬ 
hood  of  pest  outbreaks  on  a  large  and  perhaps  unprecedented  scale.  Elsewhere 
there  is  ..ttle  reason  to  expect  major  long-term  changes  in  the  total  amount 
of  insect  life  in  most  biomes. 

a.  Rodent  and  Bird  Pests 

Assuming  that  the  direct  (e.g.  i ad iologi ca 1)  environmental  pressure 
on  vertebrate  populations  was  not  overwhe iming,  postattack  circumstances  can 
be  envisioned  where  animals  or  birds  such  as  cotton  rats,  raobits,  hares, 
prairie  dogs,  ground  squirrels,  gophers,  field  mice  or  quail  (bobwhites) 
erupt  in  enormous  numbers,  as  they  period icai ly  do  in  normal  times.  In 
such  outbreaks  local  areas  are  sometimes  devastated— nearly  100%  of  all 
green  forage  produced  can  be  consumed  by  starving  rodents.  Table  4-4  summar¬ 
izes  some  cases  of  historical  interest.  As  mentioned  earlier,  in  connection 
with  grasshoppers,  greater  stress  on  semi-arid  lands,  e.g.  overgrazing,  might 

possibly  enhance  this  tendency  by  resulting  in  the  creation  of  more  favorable 

breeding  grounds.  Elimination  or  reduction  of  predators  might  increase  the 

chances  of  such  an  outbreak  also,  although  there  is  no  obvious  way  this  might 

occur.  The  various  interactions  controlling  mammal  populations  ought  to  be 
studied  more  carefully. 

The  reproductive  capacities  of  rodentia  are  legendary— and  perhaps 
somewhat  exaggerated.  Nevertheless,  a  population  increase  by  a  factor  of 
20  in  a  single  season  would  be  well  within  the  realm  of  possibility,  given 
ample  food  and  protection  from  enemies.  They  eat  leaves,  roots,  bark,  seeds 
and  fruit.  Of  all  the  animal  species  on  earth,  rats  and  rabbits  are  the 
most  persistently  competitive  with  humans,  being  resourceful,  almost  im¬ 
possible  to  eradicate,  and  capable  of  adapting  successfully  to  almost  any 
environment.  ^  The  proven  capacity  of  rodents  to  learn  by  example  to  success¬ 
fully  avoid  disguised  dangers  (such  as  poisons)  might  or  might  not  also  en¬ 
able  them  to  avoid  the  worst  of  the  radiation  hazards. 

It  is  a  moot  point,  in  many  cases,  whether  birds  do  more  harm  than  good, 
even  when  they  feed  largely  on  insects.  Since  birds  are  rather  indiscriminate 
in  selecting  insect  food,  they  often  consume  beneficial  insect  predators,  such 
as  dragonflies  and  lady  beetles,  proportionately  as  often  as,  or  more  often 
than,  insect  pests.  Predaceous  insects  are  frequently  larger,  and  therefore 
more  tempting  to  birds,  than  their  prey.  (On  the  other  hand,  parasitic  in¬ 
sects  tend  to  be  smaller  and  correspondingly  less  tempting  to  birds.)  Un¬ 
fortunately,  little  is  known  about  these  complex  population  interactions. 

Fears  which  have  been  widely  expressed  regarding  the  ecological  consequences 
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For  convenience  we  include  rabbits  in  the  rodent  category,  though  modern 
authorities  class  them  separately. 
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of  widespread  destruction  of  birds  are  apparently  based  on  little  more  than 
sentiment  or  conjecture. 

Tc  the  extent  that  birds  eat  setds  and  fruit  from  cultivated  fields 
or  orchards,  they  are  unquestionable  pests;  but,  again,  the  same  birds  also 
eat  large  quantifies  of  the  seeds  or  undesirable  plants  such  as  ragweed. 
Farmer*  of  the  o*der  generation  often  take  an  u.icompromi singly  irrational 
negative  view  of  the  activities  of  birds  while  Audubon  groups  tend  to  in¬ 
cline  the  other  way.  The  pro's  and  con's  cannot  be  weighed  with  comp’ete 
objectivity,  although  the  prevalent  view  is  fairly  "soft"  on  birds. 

The  vulnerability  of  mammals  and  b-rds  to  fallout  radiation  will  de¬ 
pend  on  both  radiosensitivity  and  exposure.  These  factors  were  discussed 
in  Chapter  I.  One  serious  consequence  of  0-radiat. ion  to  wild  animals  and 
birds  could  be  the  loss  of  fur  or  feathers,  or  burns  to  nose,  tongue.,  or 
throat,  cither  might  be  fatal  in  a  wild  environment  where  invalids  do 
not  survive  long. 

Vulnerabilities  might  change  somewhat  with  the  seasons,  in  winter, 
most  rodents  live  largely  underground  in  tunnels  or  burrows  where  they  would 
be  fairly  well  protected.  Many  bi rds  migrate  during  winter,  but  relatively 
few  species  actually  leave  the  continental  U.S.;  many  winter  along  the 
Gulf  Coast. 

b.  Plant  Pests  (Weeds) 

"Weeds"  are  defined  as  persistent  herraceocs  and  broad-leaved  plants  of 
no  positive  value,  or  growing  in  the  wrong  places.  In  most  cases  they  are 
transitory  species,  being  fol laved  in  the  succesion  by  grasses  or  shrubs  and 
finally  trees,  as  the  case  may  be.  At  times  certain  vigorous  species  of 
nuisance  plants  have  shown  themselves  capable  of  invading  new  territory  on 
their  own.  For  example,  the  prickly  pear  cactus  introduced  into  Australia 
accidently,  spread  ov«r  (and  ruined)  6Q  million  acres  of  grazing  land  by  1930. 
Similarly  Klamath-weed  or  goat.weed,  imported  from  Europe  (where  it  was  called 
St .-John' s-wort)  invaded  2.5  million  acres  of  rangeland  in  the  United  States 
by  1950.  In  each  case  the  weed  was  controlled  by  importing  an  insect  from 
the  weed : s  nat i ve  ha^ i tat .* 

There  is  no  universal  set  of  characteristics  by  which  "weeds"  can  be 
distinguished  from  c*-op  plants,  except  that  of  being  unwanted.  Hence  one 
cannot  analyze  the  effect  of  a  thermonuclear  war  on  weeds  per  se  except 
for  a  simple  remark:  as  a  result  of  lack  of  cultivation  weeds  can  be  ex» 
p~cted  to  increase  vis-a-vis  crop  plants.  This  is  not  due  to  any  special 
characteristics  of  weeds,  however,  but  due  to  a  characterise ic  of  the  cul¬ 
tivated  agricultural  ecosystem,  namely,  the  system  is  not  in  its  natural 
equilibrium,  but  in  an  artifice!  one  maintained  by  the  farmer's  efforts 


JL 

An  Argentinian  moth,  C*k fob  last  us  cactorum.  brought  to  Australia 
1930,  tut  the  prickly  pear  infestat ion  by  95X  ««  seven  year*.  Two  beet 
Chrysolina  gem*  Mata  and  C.  hyp^rici.  imported  from  southern  France  t> 
1944  and  1948.  had  reduced  the  weeds  by  99*.  in  195$  (to  a  stab!©  residual 
populat ion) . 
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Without  human  interference  the  ecosystem  returns  to  its  natural  slate,  in 
which  weeds— as  remarked  above— have  at  least  a  transitory  role. 

In  a  certain  sense  weeds  have  an  advantage  in  a  postattack  environment: 
weeds  are  nature's  generalists,  whereas  crop  planes  are  special ists.  Gener¬ 
alists,  it  can  be  argued,  are  more  adaptable  to  new  situations  than  special¬ 
ists;  ergo,  weeds  are  likely  to  become  a  greater  nuisance  in  a  postottack  en¬ 
vironment  than  preattack.  To  the  extent  that  this  is  true,  it  is  because  the 
plants  which  profit  as  a  result  of  environmental  changes  are  more  likely  to 
be  "weeds"  than  not.  This  is  partly  a  consequence  of  the  statistical  fact 
that  weeds  include  the  vast  majority  of  all  species  of  higher  plants,  and 
partly  because  crop  plants  are  highly  bred  to  accentuate  certain  useful 
characteristics,  but  at  the  expense  of  the  capacity  to  survive  in  a  wild  en¬ 
vironment. 

fO 

D.  S.  Grosch00  has  pointed  out  that  weeds  may  serve  one  useful  purpose 
in  a  postattack  environment,  namely  as  a  disposable  cover-crop.  (SocI,  which 
could  be  stripped  off  easily,  might  be  even  more  appropriate.)  A  substantial 
percentage  of  the  soluble  radionucl ides  from  fallout  might  be  trapped  by  the 
foliage  or  root  mat  which  could  be  "harvested"  as  a  means  of  decontami nat ion. 

Another  advantage  of  weeds  (provided  they  are  mixed)  is  that  they  are 
not  likely  to  support  epidemic  level  populations  of  any  single  insect  pest 
or  disease  organism.  Hence  weed-grown  fields  would  probably  be  stabilizing 
in  at  least  one  respect  in  the  pcstattack  world. 

There  is  no  apparent  danger  of  a  single  obnoxious  species,  such  as 
Klamath  weed,  taking  over  the  richer  farmlands  and  re-establishing  a  base 
where  none  previously  existed.  Actually,  the  likely  weed  species  are  all 
well-established  and  widespread  already;  and  there  are  hundreds  of  them,  no 
single  one  being  dominaru. 
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4.  Mi croct imate 

Long-term  changes  in  the  tr  i  crocl  i.rv?te  (i.e.  the  temperature,  humidity 
and  wind  velocity  near  the  ground)  may  be  among  the  most  important  results 
of  a  thermonuclear  attack.  Generally  speaking,  the  immediate  cause  would 
be  destruction  of  vegetation  by  fire  and/or  radiation  and/or  insect  disease 
outbreaks.  Most  iikely,  there  would  be  multiple  stresses  acting  ;n  concert, 
a  point  strongly  emphasized  by  Stonier. Since  forested  watersheds  undoubt¬ 
edly  have  a  very  strong  influence  on  the  microclimate  in  a  way  in  which  farm¬ 
lands,  by  and  large,  do  not,  most  of  the  subsequent  discussion  will  be  con¬ 
cerned  primarily  with  forests,  especially  coniferous  forests. 

Assuming,  for  the  moment,  a  catastrophe  ( radiation/disease/ insects/ 
fire),  resulting  in  the  destruction  or  defoliation  of  our  forests,  one  of 
the  first  effects  on  the  microclimate  would  be  higher  ground  and  soil  tem¬ 
peratures,  and  correspondingly  lower  tumidity  near  the  ground.  Forests 
have  an  important  cooling  effect  on  the  ^arth  with  ground  temperature  aver¬ 
aging  several  degrees  cooler  than  those  the  canopy  level  on  a  sunny  day, 
and  as  much  as  80°  F.  cooler  than  peak  ground  temperature  would  be  in  the 
absence  of  protective  foliage.  In  the  Gpen,  temperatures  of  soil,  rocks 
and  litter  often  reaches  160°  F.  when  the  air  temperature  is  85**90°  F.  See 
Figure  4.1,  4.2.  (Soil  temperatures  would  remain  still  higher  after  burn¬ 
ing,  the  probable  ultimate  fate  of  many  dead  forests  which  are  not  harvested 
by  man,  since  blackening  and  charring  tend  to  increase  heat  absorption.) 
Several  mechanisms  are  involved: 

(1)  Heat  energy  from  sunlight  is  converted  by  photosynthesis  into 
chemicai  energy.  Relatively  little  sunlight  reaches  the  forest 
floor,  e.g.  about  4%  for  a  typical  eastern  deciduous  climax 
forest  (the  experimental  forest  at  Rutgers  University). 

(2)  Little  water  is  lost  by  runoff  even  during  wet  periods.  Perhaps 
1%  of  the  rain  strikes  the  floor  of  a  dense  forest  directly. 

Water  soaks  into  organic  material  (e.g.  the  bark  of  trees,  under¬ 
brush  and  dead  leaves,  etc.)  or  is  trapped  by  the  roots  in  the 
soil.  Instead  of  escaping  into  rivers,  lakes  or  ground  weter, 

it  is  available  for  use  in  dry  periods  when  it  is  evaporated 
(transpired)  from  the  surfaces  of  the  leaves.  This  evaporation 
is  the  principal  cooling  mechanism  (similar  to  perspiration  for 
humans).  Humidity  at  the  forest  floor  may  be  three  times  as 
high  as  it  is  above  the  canopy  (on  a  dry,  warm  day)  as  a  result 
of  evaporation. 

The  destruction  of  forested  areas  as  a  result  of  thermonuclear  attack 
would  evidently  cause  (I)  higher  ground  temperatures  and  (2)  less  evapora¬ 
tion,  over  wide  regions,  since  more  of  the  water  would  run  off  on  the  sur¬ 
face  after  rains.  Opinions  vary  as  to  whether  this  would  in  turn  affect 
the  ell  race  (mac  rod imate) ;  some  have  argued  that  it  would,  citing  changes 
from  wooded  to  desert  country  which  have  this  occurred  in  North  Africa  and 
elsewhere  <n  historic  times./0  On  the  other  hand  most  meteorologists  seem  to 
believe  the  contrary,  pointing  out,  for  example,  that  only  102  of  the  rain 
which  falls  on  this  continent  originally  evaporated  from  the  land  surface./* 
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Furthermore,  in  many  regions  transps rat  ion  is  not  presently  an  important 
factor;  i.e.,  in  Utah  90%  of  the  precipitation  re-evaporates  before  it 
can  be  removed  by  runoff '(95%  in  summer,  85%  in  winter),  regardless  of 
vegetative  cover. 

In  the  last  century  there  have  been  some  attempts  to  carry  out  con¬ 
trolled  experiments  to  elucidate  the  question.  One  such  experiment  was 
carried  out  in  central  India  in  connection  with  a  reforestation  project, 
though  the  results  we~e  indeterminate  because  of  coincidental  climatic 
changes.  A  careful  series  of  observations  in  Germany  (1937)  indicated 
that  about  6%  of  the  rainfall  on  the  Letzlinger  heath  is  traceable  to  the 
effects  of  reforestation. 73  A  less  careful  set  of  measurements  was  made 
in  the  Congo  ( 1 934)  which,  however,  gave  more  dramatic  results:  namely, 
that  in  the  virgin  forest,  rainfall  was  30%  higher,  humidity  averaged  15% 
higher,  and  temperature  1.5%  lower  than  in  surrounding  unforested  areas. 7*+ 
Other  measurements  have  been  made  over  smaller  areas  (Tennessee  Copper 
Basin,  Wagon  Wheel  Gap  in  Colorado)  in  the  United  States. 75 

The  fundamental  quest ? or;  seems  to  be  whether  a  denuded  area  of  wide 
extent  would  produce  the  sort  of  updrafts  which  lift  moisture-laden  air 
into  regions  of  low  pressure  where  adiabatic  cooling  (and  condensation) 
can  take  place.  There  is  no  consensus  on  this  point  at  present,  although 
the  weight  of  the  evidence  seems  to  point  tcward  a  modest,  but  real,  drop 
in  total  rainfall  coupled  with  slightly  higher  atmospheric  temperatures. 

Without  taking  into  account  secondary  fires  and  early  melting  of 
snowpack ,  the  situation  as  seen  by  W.  Griddle,  Utah  State  Water  Engineer, 
is  as  fol lows: 76 

(1)  Assuming  pine-spruce-aspen  forests  at  high  elevations  were 
killed  by  radiation,  fire,  insects,  etc.,  total  runoff  would 
increase  but  the  rate  would  not  change  significantly  due  to 
protection  of  the  ground  by  vegetative  litter  (pine  needles, 
etc.) . 

(2)  Assuming  pi  non- j uni  per  on  lower  slopes  were  killed  (but  did  not 
burn),  total  runoff  would  again  increase  and  the  ground  water 
level  would  also  be  improved. 

Of  course,  fire  is  a  serious  possibility  if  large  areas  of  forests 
have  been  killed  by  radiation  or  beetle  outbreaks  facilitated  by  radia¬ 
tion  injuries  (section  5).  In  dense!/  forested  areas  such  fires  could  be 
extremely  hot,  destroying  much  of  the  organic  ground  litter  and  humus.  In 
less  densely  wooded  regions,  fires  would  probn'  iy  be  more  similar  to  the 
brush  fires  which  occur  regularly  after  droughts,  Criddle  estimated  that 
runoff  would  ogain  be  increased  in  both  cases  and  that  serious  erosion 
might  also  recur  on  the  lower  (pino.i-  iuniperj  slopes  (section  7). 

Another  significant  consequence  ol  removing  vegetation  is  that  the 
ground  surface  and  litter  is  more  exposed  to  the  drying  and  errxling  effev.  I  - 
of  the  wind.  In  a  dense  climax  deciduous  forest,  wind  velocity  on  the 
forest  floor  averages  as  little  a*  3%  of  the  velocity  above  the  canopy.  In 


4-46 


HI -5 18-RR 


western  conifer  forests  the  figures  overage  somewhat  higher  (10-20%)  de¬ 
pending  on  type,  but  still  the  windbreak  effect  is  quite  appreciable,  as 
Figure  4.3  illustrates. 

It  was  pointed  out  above  that  loss  of  forests  would  certainly  result 
in  less  evaporation.  A  corollary  of  this  is  that  water  available  for  run¬ 
off  would  be  correspondingly  greater.  While  too  much  runoff  causes  erosion, 
floods,  and  other  undesirable  consequences  (see  section  7),  too  little  is 
also  awkward  in  country  where  water  is  scarce  and  must  be  utilized  with 
maximum  effectiveness.  In  fact  in  Utah,  Texas,  New  Mexico  and  California, 
it  is  standard  practice  to  poison,  uproot  or  burn  stands  of  native  chap¬ 
arral  and  other  woody  brush  to  facilitate  the  growth  of  range  grasses. 

It  is  fojnd  by  experience  that  the  result  is  usually  to  increase  the  amount 
of  ground  water  available  fthe  water  table  rises),  presumably  because  the 
shal low- rooted  grasses  prevent  surface  evaporation  more  effectively  than 
brush  or  trees  but  do  not  draw  wat ir  up  from  deep  below  the  surface  in  dry 
periods.  The  well-known  salt  cedar,  a  brushy  tree  which  grows  along  stream 
beds  and  Irrigation  canals,  is  a  particularly  blatant  water-waster.  Where 
the  water  table  is  already  high,  as  in  Alaska,  the  destruction  of  trees  can 
create  swampy  conditions.  On  the  ether  hand,  after  vegetation  is  removed 
moisture  retent' on  is  reduced  in  the  upper  layers  of  the  soil  in  most 
cases,  because  direct  rainfall,  uninterrupted  by  foliage,  causes  soil  com¬ 
paction.  Burrowing  species  of  soil  fauna  may  also  be  substantially  cut  in 
number.  Reduction  of  humus  content  (see  section  6  or  this  chapter} 
can  be  correlated  with  lower  water-holding  capacity,  sometimes  for  as  long 
as  50  years  after  a  fire. 

We  have  already  noted  two  contradictory  results  of  increased  runoff: 

(1)  more  water  for  irrigation  (if  storage  capacity  exists),  less  loss 
by  transpiration,  higher  water  table; 

(2)  less  water  soaking  into  the  ground,  lower  water  table,  too  much 
water  in  r  vers  (leading  to  erosion,  floods,  etc.). 

The  first  result  is  typical  of  quite  dry  areas  where  loss  by  evapora¬ 
tion  is  a  greater  problem  than  runoff;  in  fact  the  runoff  itself  often 
evaporates.  Fire  is  often  used  deliberately  to  increase  runoff,  as  re¬ 
marked  in  the  previous  section.  The  second  result  is  typical  of  areas 
where  the  priorities  are  reversed:  evaporation  is  not  a  problem  but  run¬ 
off  is.  Class  (1)  areas  include  the  watersheds  of  the  Rio  Grande;  toe 
Colorado  and  the  interior  drainage  area  of  Nevada  and  Utah.  Class  (2) 
areas  include  all  the  other  watersheds  of  the  U.S.  ,  notably  the  Missis¬ 
sippi  and  the  Columbia.  Figure  4.4  shows  the  major  regions  on  a  forest 
map. 


The  "forests"  of  Class  (1)  areas 
targets  to  an  enemy,  for  they  are  not 
cultural  point  of  view,  as  noted  above 
with  grtiss  in  place  of  yucca,  juniper. 


not  particularly  attractive 
ortant  assets.  From  tie  agri 
t*  would  cert ’■inly  bo  better  > 
iaparral.  pinun,  sat*  cedar. 
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creosote  bush,  sagebrush,  mesquite,  etc.  More  water  would  become  potenti¬ 
ally  available  for  irrigation.  As  far  as  lumber  is  concerned,  the  areas 
in  question  are  too  dry  to  be  highly  productive,  and  generally  too  remote 
to  be  economically  worth  exploiting. 

Changes  in  the  microclimate  would  evidently  have  an  influence  on  the 
incidence  of  secondary  fires,  and  on  problems  related  to  soil  and  water 
conservation.  With  trees  and  undergrowth  dead,  in  most  cases  organic 
litter  protecting  the  soil  surface  would  either  dry  out  and  ;-urn  or  even¬ 
tually  be  removed  in  many  areas  by  the  combination  of  wind,  rain,  and  run¬ 
off  from  surface  water  which  does  not  soak  into  the  yround  because  of 
mechanical  compaction  of  the  unprotected  soil.  Secondary  fires  are  dis¬ 
cussed  in  section  5  and  erosion  in  section  7  hereafter. 
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5-  Secondary  Fires 

In  our  terminology,  secondary  fires  are  ignited  by  natural  causes 
(e.g.  lightning)  in  areas  where  there  is  much  dead  vegetation.  The  origi¬ 
nal  damage  may  be  due  to  radiation  or,  more  likely,  radiation  plus  disease 
or  insect  attack.  The  slash  fires  a;ound  lumber  camps  which  often  got  out 
of  control  in  the  19th  century,  and  which  initiated  most  of  the  so-called 
"catastrophic"  fires  listed  in  Table  4-5,  page*  55*  were  essentially  sec¬ 
ondary  fires  in  the  sense  that  most  of  the  fuel  was  already  dead. 

The  major  difference  between  the  potential  forest  fire  hazard  in 
areas  of  dead  vegetation  and  the  normal  situation  is  that  the  probability 
of  ignition  and  the  probable  degree  of  spread  are  greater.  Where  foliage 
is  removed,  the  material  at  ground  level  is  exposed  to  the  drying  action 
of  sun  and  wind.  Average  temperature  near  the  surface  may  rise  far  above 
the  ambient*  temperature  of  the  air.  Average  humidity  near  the  surface 
may  drop  from  close  to  100%  to  well  below  ambient  levels  (depending  on 
the  area),  and  wind  velocity  at  ground  level  may  increase  from  as  little 
as  3%  of  ambient  under  a  dense  canopy  to  50%  or  more  when  the  foliage  is 
removed.  This  was  discussed  in  section  4,  above.  See,  particularly, 
figures  4.1,  4.2  and  4.3. 

Not  surprisingly,  the  drier  fuel  is  easier  to  ignite  and  burns  faster. 
The  average  state  of  affairs  in  an  area  of  dead  vegetation  approaches  con¬ 
ditions  typical  of  extreme  drought  elsewhere.  At  least,  extremely  dry  con¬ 
ditions  occur  much  more  often,  perhaps  after  a  week  or  two  without  rain, 
instead  of  the  four  to  six  weeks  that  it  usually  takes  to  produce  an  ex¬ 
treme  fire  hazard  in  a  green  forest. 

The  quantitative  difference  in  terms  of  expected  damage  by  fire  may 
be  estimated  crudely  from  Figure  2.3,  which  suggests  that  slash  fires  will 
spread  8  times  as  fast  as  fires  in  mature  timber  under  average  California 
conditions  and  2.8  times  as  fast  under  I daho-Montana  conditions.  Another 
study  found  that  under  typical  burning  conditions  (85°  F.  temperature, 

15  mph  wind  velocity  and  fuel  moisture  of  4%,  measured  in  the  open)  a  fire 
starting  on  a  moderate  slope  will  burn  4.5  times  as  fast  in  the  open  as  in 
a  closed  stand.  '*■'  Thi.,  comparison  is  probably  a  reasonable  indicator  of  the 
difference  to  be  expe^.  et  n  the  two  cases  of  green  versus  "dead"  forests. 

Inquiries  put  to  several  authorities  in  the  field  have  tended  to  con¬ 
firm  these  numerical  estimates.  A  fire  spread  ratio  of  "at  least  ten  to 
one"  was  predicted  by  one  expert,  who  commented  further  that  a  green  cut¬ 
ting  line  is  often  used  as  a  firebreak  because  of  its  natural  resistance 

to  ignition. 79 

There  are,  however,  a  number  of  caveats  which  must  be  mentioned.  In 
the  first  place,  ignition  in  any  forest — green  or  not — is  likely  to  b*!  from 
fire  fuels  such  as  dried  grasses,  leaves,  needles,  rotten  "punk,"  or  sliv¬ 
ers  of  bark.  While  these  are  more  abundant  in  a  dead  forest,  they  exist 


Ambient  temperature,  humidity  and  wind  velocity  can  be  conveniently 
defined  as  the  asymptotic  values  beyond  the  reach  of  surface  effects,  e.g. 
a  few  hundred  feet  above  ground  level. 
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plentifully  in  a  green  one.  Since  these  kindling  fuels  tend  to  carry  the 
fire  as  it  spreads,  the  importance  of  the  over-all  proportions  may  be  mini¬ 
mized  in  some  cases.  However,  to  the  extent  that  the  principal  cause  of 
ignition  is  1 ightning--as  in  Montana--the  proportion  of  dead  snags  to  live 
trees  would  strongly  influence  ignition  probability.  Many  live  trees  do 
not  ignite  after  being  struck,  but  a  snag  would  be  most  unlikely  not  to 
burn.  In  this  regard,  also,  defoliation  can  be  a  two-way  street.  Some 
fires  get  started  in  rotten  logs  or  debris  and  smoulder  on  the  ground,  pro¬ 
tected  for  long  periods  from  undue  .vetting  by  the  dense  canopy  overhead. 

When  conditions  are  ripe  such  '’sleepers'1  may  flare  up  and  spread.  On  the 
other  hand  without  the  umbrella  of  protective  foilage  the  chances  of  the 
embers  remaining  "alive"  might  have  been  substantially  lessened. 

Further,  some  types  of  conifer  forests  arc  more  subject  to  crown  fires, 
spreading  from  treetop  to  treetop,  tha"  to  ground  fires.  When  such  forests 
are  defoliated  they  may  become  less  rather  than  more  imflammable.  They  may 
help  to  explain  why  fire  damage  in  the  Engelmann  spruce  forests  of  Colorado 
did  not  noticeably  increase  following  the  disastrous  bark  beetle  epidemic 
of  1938.  On  the  other  hand,  in  the  more  open  ponderosa  pine  stands  of  Cali¬ 
fornia  the  "expected"  pattern  was  more  nearly  confirmed  after  an  insect  epi¬ 
demic  on  the  Modoc  Plateau.  Apparently,  after  the  trees  had  been  dead  for 
some  time  and  had  begun  to  shed  their  bark  and  develop  rotten  spots,  fires 
from  any  cause  would  run  up  the  trunks.  Burning  embers  carried  by  the  wind 
could  ignite  other  trees  up  to  a  quarter  of  a  mile  a way. 

It  must  be  noted,  finally,  that  deciduous  forests  are  normal ,y  defoli¬ 
ated  (although  not  necessarily  dehydrated)  for  half  the  year.  Fires  in  such 
forests  are  known  to  be  harder  to  control  without  the  presence  of  foliage 
than  when  the  trees  are  in  full  leaf,  although  seasonal  factors  may  be  partly 
responsible. 

In  conclusion,  it  is  probably  fair  to  say  that  the  over-all  fire  hazard 
(exclusive  of  primary  ignitions)  :.n  damage J  areas  would  probably  increase 
several-fold  over  the  current  peacetime  level.  In  1962  (a  bad  year)  approx¬ 
imately  16,000  square  miles  burned  in  the  United  States.  This  was  only  one- 
fifth  of  the  1930  and  193!  figures,  also  bad  fire  years.  The  difference  is 
partially  attributable  to  relatively  permanent  changes  (e.g.,  firebreaks, 
better  forestry  practices)  and  partly  to  better  fire  spotting,  fire  control 
and  fire-fighting  techniques.  Some  of  the  latter  might  be  initiated  by  dis¬ 
organization,  demoralization  or  shortages  of  men  and  equipment  in  a  post¬ 
attack  situation.  The  "potential"  for  a  postattack  year  of  extensive  drought, 
might  be  40-50,000  square  miles,  without  allowing  for  the  effects  discussed 
previously  in  this  section.  If  20%  of  the  total  forested  area  were  damaged 
or  killed  by  one  mechanism  or  another  and  If  the  fire-spread  potential  in¬ 
creased  by  a  factor  of  5  in  such  areas,  we  might  expect  as  much  as  100,000 
square  miles  to  burn  later.  The  total  seems  more  likely  to  be  smaller  than 
greater,  since  we  have  made  generally  pessimistic  assumptions.  Neve: theless , 
the  number  is  comparable  with  the  1930-1931  figures. 

Of  course,  if  50%  of  the  forests  were  defoliated  by  multiple  insults  as 
a  result  of  a  really  massive  nuclear  attack,  then  on  the  same  basis  150,000 
square  miles  might  conceivably  burn  in  a  year.  This  would  represent  about 
15%  of  all  forested  land  in  the  United  States.  It  is  difficult  to  imagine 
circumstances  unoer  which  the  percentage  might  be  much  larger. 
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6 .  Problems  of  Ecological  Succession 

We  have  had  some  experience  of  the  ecological  effects  of  lire,  most  of 
our  present  ecosystems  having  been  affected  to  a  greater  or  lesser  extent 
by  past  fires.  Succession  following  other  types  of  extended  damage-- insofar 
as  we  have  any  basis  for  comparison --seems  to  follow  similar  patterns.  Con¬ 
sequently,  to  the  extent  that  the  effects  of  mass  fires  of  the  past  are 
similar  to  the  effects  which  can  be  expected  to  result  from  fires  caused  by 
thermonuclear  attack,  there  is  a  fair  amount  of  recorded  experience  upon 
which  to  draw.  The  consensus  of  opinion,  as  we  have  noted  elsewhere,  is 
that  there  will  probably  be  relatively  little  difference,  except  in  scale, 
in  the  two  cases.  However,  where  both  fire  and  fallout  occur  together  or 
sequentially,  the  effects  on  wildland  ecosystems  may  be  magnified. 

Soil  erosion  is  the  most  serious  long-term  consequence,  because  all 
terrestrial  ecosystems  are  dominated  by  plants, which  provide  the  basic  food 
for  animals  and  man,  and  these  plants  cannot  exist  where  the  so i 1  is  removed. 
The  extent  and  amount  of  erosion  that  will  occur  depends  upon  the  terrain, 
type  of  soil  and  vegetation,  and  the  rapidity  with  which  the  area  is  rein¬ 
vaded  by  plant  life.  (See  section  7  of  this  chapter.)  In  addition  to  these 
factors,  which  are  a  function  of  the  area,  mucw  depends  (at  ieast  in  prin¬ 
ciple)  upon  the  extent  of  the  area  which  is  burned  over  and  the  intensity 
of  burning.  The  latter  depends  upon  the  nature  of  the  fire,  i.e.  whether 
it  is  a  conflagration  or  firestorm.  Insofar  as  mass  fires  are  of  the  moving 
front,  conflagration  type,  it  would  seem  that  peacetime  fire  experience 
should  provide  a  good  guide  to  the  probable  aftereffects  of  fires  caused 
by  thermonuclear  attack.  Even  though  such  a  fire  may  have  thousands  of 
ignition  points  and  will  burn  over  a  larger  area,  the  duration  of  active 
burning  phase  in  any  one  area  should  be  of  about  the  same  as  in  another. 
However,  if  a  firestorm  should  develop,  the  ecological  effects  may  have  no 
direct,  parallel  in  past  experience.  The  few  firestorms  which  have  b.en  re¬ 
corded  were  in  urban  areas,  as  a  result  of  incendiary  bombing  or,  in  one 
case,  an  atomic  bomb  (Hiroshima).  Many  forests  do  not  provide  a  dens!  ;y 
of  readily  combustible  material  comparable  to  that  of  a  city  and  apparently 
required  for  a  firestorm.  However,  there  may  be  some  forested  areas  w.tb 
sufficient  fuel  density  to  support  a  firestorm,  given  the  proper  weather 
conditions  and  many  simultaneous  'gnitions  over  a  large  area.  The  expected 
result  of  a  firestorm  is  not  only  substantially  complete  burning  but  also 
the  concomitant  destruction  of  many  life  forms  to  a  considerable  depth  be¬ 
neath  the  surface.  Porosity  of  the  soil  may  be  reduced  by  destruction  of 
insects,  earthworms,  and  mi crooryan i sms  which  normally  channel  the 
soil.  Further  compaction  of  the  soil  could  occur  as  a  result  of  b^lng  more 
completely  exposed  to  the  heat  of  the  sun.  Potential  sources  c-'  regenera¬ 
tion,  e.g.  seeds,  spores  and  eggs,  may  be  killed.  Thu  chances  of  unburned 
refugia  remaining  approach  zero.  In  short,  the  entire  area  may  be  sterilized 
to  a  degree  of  which  we  have  little  or  no  previous  experience,  thereby 
greatly  inhibiting  repopulation. 

The  effects  of  the  more  familiar  type  of  fire  vary  widely  ' rem  p'ace 
to  place  and  appear  to  be  a  function  of  numerous  factor..:  topography,  soil, 
type  of  vegetation  and  tree  population,  species  of  insect  and  animal  life. 
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The  very  diversity  of  these  factors  and  the  resultant  disparity  of  ecological 
effects  make  generalizations  difficult.  Comments  with  any  degree  of  validity 
can  be  made  only  when  considerable  specific  detail  about  a  particular  area 
can  be  given.  Some  examples  of  the  way  in  which  fire  results  in  quite  dif¬ 
ferent  effects  on  soil  and  living  organisms  will  serve  to  illustrate  the 
problem. 

While  it  is  often  true  that  the  consequences  of  fire  are  deleterious, 
so  great  is  the  variance  due  to  topography,  soil,  and  type  of  vegetation  that 
in  some  cases  burning  either  does  not  cause  much  damage  or  is  actually  bene¬ 
ficial.  This  is  apt  to  be  true  under  one  or  more  of  the  fn’:  lowing  conditions: 
if  the  land  is  flat  or  gently  rolling;  if  soil  is  exceptionally  porous  (e.g., 
sandy);  or  if  the  area  has  a  potential  for  quick  re  invasion  by  the  prefire 
species  or  a  more  desirable  °ne.  The  New  Jersey  or  Southeastern  pine  barrens 
and  some  brushy  wooded  grazing  areas  in  California  suffer  relatively  slightly. 
In  fact,  fire  is  sometimes  deliberately  prescribed  ir.  these  areas  to  reduce 
duff  and  litter,  prepare  the  seedbed,  and  reduce  competition  from  less  de¬ 
sirable  subordinate  vegetable  species.®' 

Fires  over  remi-arid  grassland  and  range  would  almost  certainly  be  more 
beneficial  than  harmful,  biologically  soeaking.  The  Indians  of  the  South¬ 
west  formerly  burned  the  prairie  regularly,  and  fire  is  increasingly  being 
used  again  as  a  deliberate  method  of  controlling  the  ecological  succession 
of  the  range.  Fire  favors  grasses  against  competing  woody  plants  such  as 
mesquite  brush.  Indeed,  during  the  long  period  since  grass  fi-'es  have  been 
more  or  less  rigorously  suppressed,  mesquite  has  spread  over  75*000,000  acres 
of  former  grassland.  This  land  would  be  partially  returned  to  grass  in  the 
event  of  widespread  fires,  since  perennial  grasses  lose  only  a  year's  growth 
in  a  fie  and  produce  plenty  of  seed  in  the  first  or  second  year  following, 
while  woody  shrubs  require  several  years  after  germination  to  produce  seed. 
Grass  is  economically  valuable  as  forage,  whereas  relatively  unpalatable 
shrubs  are  virtually  useless,  besides  more  wa.iefui  of  ground  water. 

In  support  and  extension  of  the  foregoing,  we  may  remark  that  there  is 
one  very  general  respect  in  which  reversion  to  an  earlier  stage  of  succession, 
following  fire  or  other  damage,  is  more  beneficial  than  not.  It  is  an  ob¬ 
served  fact,  of  such  generality  as  to  approach  the  status  of  a  law,  that  early 
succession  ecosystem  are  more  productive  (of  calories,  edible  protein  or 
"biomass")  than  li  ix  ecosystems.'*  This,  by  tlu  way,  i,  .by  agriculture 
depends  upon  early  succession  types--which  would  quickly  be  replaced  by  others 
if  nature  were  allowed  to  take  its  course.  The  reason  is,  of  course,  that 
jarly  succession  types  are  fast -growing  and  short-lived,  whereas  climax  types 
are  slow-growing  but  long-1 Ivtd. 


^Similarly,  young  plants"  (e.g".  grasses  1  arc  more  nutritious  an<* 
palatable  than  old  ores. 
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The  texture  of  the  soil  may  be  unfavorably  affected  by  heat.  In  some 
cases  turned  soil  (especially  cloy)  becomes  harder  and  less  permeable  to 
water,  due  to  partial  baking  ("colloidal  aggregation").  Sometimes  reduction 
of  porosity  is  also  ascribed  to  destruction  (by  heat)  of  insects,  earthworms, 
and  microorganisms  which  normally  channel  the  soil. 

Temperatures  measured  in  various  fires  are  given  in  Table  h-5.  The 
dramatic  differences  between  the  measurements  in  different  cases  are  probably 
mainly  due  to  a  difference  in  soil  water  content  and  in  the  length  of  the 
burning  rime,  which  depends  on  the  amount  and  type  of  fuel  available.  A 
.loint  to  remember  is  that  in  most  fires  (but  not  necessarily  in  the  case  of  a 
"firestorm")  there  is  insufficient  time  for  a  steady-state  temperature  gradi¬ 
ent  to  be  reached.  Therefore,  a  high  temperature  "pulse"  is  created  as  the 
fire  burns  at  the  surface,  which  starts  (very  slowly)  to  penetrate  the  soil. 

If  the  fire  passes  within  a  relative'y  short  time,  be  fort,  the  heat  penetrates 
far,  the  surface  cools  down  quickly  by  re-radiation.  However,  if  a  thick  in¬ 
sulating  layer  of  ashes  is  formed  on  the  gro  nd,  the  heat  may  be  trapped. 

The  greater  conductivity  of  porous  sandy  soils  is  probably  due  to  convection 
or  "percolation"  of  hot  air  or  water. 

Soil  temperatures  stay  higher  after  burning  because  of  blackening  and 
charring,  which  greatly  increases  heat  absorbtion.  At  the  surface,  temper¬ 
atures  run  about  20°  F.  higher  on  a  sunny  day,  though  at  night  they  tend 
to  be  cooler  due  tc  corresr">nding1y  more  efficient  radiation.  At  a  depth 
of  one  inch,  under  burned  grasslands,  minimum  (annual)  temperatures  aver¬ 
age  2°  F.  higher  an4  maxima  average  12  F.  higher.  At  three  inches  depth 
(where  the  year-round  temperature  is  more  nearly  uniform),  both  minimum 
and  maximum  average  4-5  F.  higher.  Temperature  increases  of  a  few  degrees 
may  affecL  vegetation  quite  seriously,  i.e.  seedlings  arid  N-forming  bacteria 
may  be  ki’’  spring  gern' nation  comes  earlier,  etc. 

Chemical  char_.es  Me  to  heating  do  not  fit  any  simple  pattern,  in 
some  cases  solnole  m'n<. .-als  are  released  from  ashes  of  organic  materials, 
thus  temporarily  increasing  fertility.  In  ether  cases  growth-inhibiting 
compounds  are  apparently  formed.  Fairly  general  agreement  exists  to  the 
effect  that  some  heating  (e.q.  less  than  200°  F.)  tends  to  be  beneficial, 
at  least  to  grasses  and  erea!  grains.  Certain  pathogenic  organisms 
(fungal  spores,  bactc  a  ?rc  mere  easily  destroyed  by  heat  than  the 
protected  plant  seeds.  Smiie  plant  seeds,  such  as  Rhus  spp,,  germinate 
17  i-O  60  times  as  well  afle  heating. Other  pyrophilic  species  are 
Cheonathus ,  Rhamnus  cn! i fornica,  Abies  magi  ? f ica,  Pinus  ponderosa , 

Pseudotsuga  taxfol la ,  and  A vena . 

Loss  of  humus  is  a  norma!  concomitant  of  "ires.  In  old  pine  or  ^pruce 
forests  there  may  be  a  very  thick  'ayer  of  needles,  cones,  etc..,  on  the 
ground.  Fires  have  been  known  to  burn  as  much  as  two  feet  of  this  organ !c 
layer.  Some  relevant  data  have  been  collected  by  Daubenmire  and  by  Antgren.83 

wdeteria  are  influenced  by  the  reduced  acidity  (pH)  of  soil  after 
fires,  due  to  the  (temporary)  release  of  alkalis  from  ashes.  In  most  cases 
such  effects  seem  to  be  very  short-lived  (of  the  order  of  one  week),  but  in 
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Table  4-5 

Soil  Temperatures  in  Various  Forest  Fires*^^ 
(in  degrees  Fahrenheit) 


1.  Heavy  forest  fuels  (Douglas 

fir,  cedar,  hemlock)  in 
Western  U.S. 

2.  Heavy  forest  fuels  (same 

as  above) 


3.  Long  leaf  pine 
(Southern  U.S.) 


4.  Spruce  and  pine  slash 
(Russia) 


5.  Spruce  and  pine  slash 

(Austral ia) 

6.  Mixed  chaparral  of  blue  oak, 

dwarf  interior  1 ive  oak, 
wedgeleaf  ceanothus,  with 
scattered  herbs  (Calif.) 

7.  Common  manzanita,  scattered 

grasses  and  weeds  (Calif.) 

8.  Light  fuels,  burning  two 

hours  (Sandy  soils  in  a 
eucalyptus  forest  in 
Austral ia) 


1841  above  the  surface 
608  1  inch  in  soil 


850  above  the  surface 
120  under  3/4  inch  of  duff 
60  under  li  inches  of  duff 
75  1  inch  in  soil--no  duff  cover 

150-175  under  1/4  inch  for  only  2-4 
minutes,  negligible  rise  in 
temperature  under  1  inch 

500  1/4  inch  in  sandy  soil  (Heat 

penetrated  deeper  in  sandy 
soil  than  in  heavy  soils,  in 
this  fire.) 

178-415  1/4  inch  in  sandy  soil 
150  1  inch  in  sandy  soil 

840  i  inch  in  duff 
410  I  i nch  in  soi 1 
235  li  inches  in  soil 

960  5  inch  in  1  itter 
215  li  inches  in  soil 

480  at  surface 
235  1  inch  in  soil 

145  3  inches  In  soil 

95  6  inches  in  soi 1 

59  9  inches  in  soil 

54  12  inches  in  soil 


^Variations  and  discrepancies  in  temperature  figures  in  spite  of 
similar  vegetation  and  soil  are  due  to  different  methods  of  measuring, 
seasons,  weather  conditions,  type  and  quantity  of  dead  plant  material 
on  the  ground.  These  conditions  were  not  specified  in  the  citations 
mentioned  above. 
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the  Douglas-fir  region  slash  burning  with  the  subsequent  release  of  cal¬ 
cium  favors  the  growth  of  nitrogen-fixing  bacteria  Azotobacter  and 
Clostridium. 

In  northern  forests,  Canada,  Minnesota,  mosses  and  lichens  are  de¬ 
stroyed  by  fires  and  recover  very  slowly.  On  the  other  hand,  in  some  areas 
hand  mosses  and  lichens  are  characteristic  of  post-fire  successions.  In 
the  New  Jersey  pine  barrens  the  burning  of  trees  stimulated  both  mosses 
and  lichens.  In  many  cases  plant  diseases  are  checked  by  fires  which  de¬ 
stroy  insect  vectors  or  spores  of  fungi  without  killing  the  trees.  For 
example,  brown  needle  spot,  Septoria  acicula,  in  a  tongleaf  pine  is  dras¬ 
tically  reduced  during  the  first  and  second  years  following  a  fire.  On 
the  other  hand,  certain  diseases  are  favored  by  post-fire  conditions.  Fite 
scars  on  aspen,  jack,  red  and  white  pine  allow  entry  to  heart  rot,  Fames 
ignar ius.  Wood-boring  insects  which  destroy  the  habitat  of  birds  often 
increase  after  fire*,.  Fire-damaged  stands  may  serve  as  breeding  grounds 
for  insects  or  fungi,  and  disease  resistance  of  trees  seems  to  be  adversely 
affected  by  heating  soil  above  250-300°  F.  In  the  top  two  inches  of  burned 
soil  the  population  of  invertebrates  (insects  and  woi'ms)  may  drop  to  as 
little  as  10%  of  pre-fire  numbers,  depending  on  temp-.rature.  Earthworms 
are  comparatively  more  susceptible  than  other  species. 

Vertebrates  react  variously.  Deer  prefer  subclimax  (e.g.,  po^t-fi^e) 
vegetation,  as  do  grouse.  Other  species  such  as  Caribou  (in  Canada)  dis¬ 
appear  following  a  fire.  Small  fires  destroy  relatively  few  individuals 
directly,  due  to  burrowing  habits  or  mobility.  Some  birds,  e.g.  wrens, 
quail,  bluebirds,  actually  follow  fires,  nesting  in  fresh  burns.  F , res 
which  destroy  popular  nesting  places  such  as  marshes,  and  especially  if 
eggs  and  young  are  trapped,  may  lead  to  increases  in  insect  activity. 
Squirrels  often  disappear  from  burned  areas  for  ten  years,  as  do  bearers 
and  other  fur-bearing  species.  Mice,  such  as  Microtus,  require  at  least 
one  year's  mulch  for  runways.  Controlled  crass  fires  in  longieaf  pine 
woods  help  cut  the  rat  population.  Fish  are  often  killed  by  the  wash  of 
ash  into  streams  and  ponds. 

Plant  species  react  very  differently  Spe*.  ies-by-species  analysis 
would  be  required.  Definite  patterns  of  po> t  -  f ;  r  e  succession  exist,  but 
depend  on  the  climate,  soil;,  surrounding  vegetation,  etc.  Usually,  herbs, 
grasses,  and  shrubs  invade  the  burned  area.  Seeds  may  be  windborne  or 
long-dormani  already  underground  (perhaps  stimulated  to  germinate  by  the 
heat).  Many  brushy  species  sprout  vigorously  after  fires  from  surviving 
roots.  Seeds  of  other  species  are  brought  Into  the  site  by  animals  browsing 
on  the  plants  which  grow  at  first  after  the  Fire.  Access  of  sunlight  and 
removal  of  forest  litter  favors  seedling  growth  for  conifers  as  compared 
to  deciduous  species.  The  former  are  inherently  faster  growing  but  cannot 
penetrate  litter  due  to  shallow  root  systems  and  increased  need  for  water. 
Hence  deciduous  species  seldom  follow  burning. 


H*  -5T-RR 


4-57 


Jack  pine  (Pinus  banksiana)  follows  fires  in  the  North,  but  is  only 
moderately  fire-resista.it  itself;  seeds  in  cones  remain  viable  for  many 
years,  cones  being  opened  by  heat.  Jack  pine  prefers  sandy  soil. 

Paper  birch  and  white  pine  (P?nus  strobus)  often  follow  fires  in 
northern  Minnesota.  Paper  birch  is  easily  killed  by  fire,  while  white 
pine  is  moderately  resistant.  These  are  normally  succeeded  by  basswood, 
fir  and  black  ash.  White  oine  invades  clay-loam  sites.  Paper  birch  likes 
minerai  soil  and  plenty  of  sun. 

R  d  pine  (Pinus  resinosa)  seems  to  follow  fire  sometimes  on  sandy  soil. 
Opinions  differ  on  whether  burning  favors  this  tree.  It  is  itself  quite 
resistant  to  fire,  having  moderately  high  crowns,  deep  roots  and  growing 
in  open  stands. 

Aspen  (Populus  spp.)  is  a  well-known  fire  cover.  Vegetative  sprout¬ 
ing  occurs  in  the  first  year  following  fire,  and  germination  of  seeds  is 
very  vigorous  two  or  three  years  after  a  fire.  Aspen  is  easily  killed, 
due  to  thin  bark.  Stands  are  persistent,  fairly  dense,  and  hard  to  replace 
by  other  trees. 

Black  spruce  (Picea  mar i ana)  is  also  highly  susceptible  and  sometimes 
slow  to  return  after  fire,  ileat  destroys  seed  in  the  cones  and  reseeding 
requires  wind  or  other  mechanisms.  Spring  and  early  summer  fires  are  the 
worst;  later  fires  seem  to  be  less  serious  and  reproduction  may  be  fairly 
rapid. 

Longleaf  pine  (Pinus  palustris)  is  exceptionally  fire-resistant  and 
fire  can  be  used  deliberately  to  favor  this  species.  It  has  thick  bark, 
very  deep  roots,  high,  open  crowns  and  grows  in  very  open  stands.  Other 
generally  resistant  species  are  pitch  pine  (Pinus  rigida),  pond  pine 
(Pinus  serot ina) ,  slash  pine  (Pinus  el  1 iotti i ) ,  short  leaf  pine  (Pinus 
ech i nataT,  loblolly  pine  (Pinus  taeda)  as' we'll  as  red  pine. 

The  least  resistant  eastern  species  are  firs  (Abies  spp),  cedars 
(Thuja  spp.  and  Juniper  spp.),  aspens,  spruces,  birches,  sugar  maple 
(Acer  jaccharum).  and  scarlet  oak  (Quercus  coccinea). 

Among  western  species,  the  redwood  (Sequoia  semperv i rens)  is  extremely 
resistant  to  fire,  as  is  the  Western  larch  (Larix  occidental  is).  Ponderosa 
pine  (Pinus  ponderosa)  and  Douglas  fir  (Pseudotsugn  men/iessii)  are  also 
highly  resistant.  All  have  very  thick  bark  and  deep  roots.  The  redwood 
and  larch  have  high  crowns,  while  the  ponderosa  and  larch  grow  in  open, 
or  relatively  rpen,  stands. 

At  the  o^her  extreme,  Alpine  fir  (Ab » es  iasiocarp~Q  has  very  thin 
bar<,  grows  in  dense  stands  and  is  highly  susceptible.  Only  slightly 
more  resistant  are  western  red  cedar  (Thuja  pi icata) ,  western  hemlock 
(Tsuga  heterophy 1  la) ,  Engelmann  spruce  (Picea  engelmanii),  and  Sitka 
spruce  (Picea  sitchensis),  due  to  relatively  thin  bark  and  dense  growths. 
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However,  it  appears  that  for  all  the  abundance  of  past  experience  of 
wildland  fires  it  is  extremely  difficult,  if  not  impossible,  to  make  many 
meaningful  statements  about  the  over-all  impact  on  a  national  scale  of  the 
ecological  effects  which  might  result  from  mass  fires  resulting  from  thermo¬ 
nuclear  attack.  Some  reasonably  plausible  estimates  of  ecological  effects 
in  many  local  areas  can  be  made,  but  the  problem  on  a  national  scale  is 
simply  too  complex  to  allow  for  any  but  the  most  general  and  wel l -qua  1 i f ied 
statements  in  the  present  state  of  knowledge.  To  be  more  specific:  while 
it  is  not  possible,  at  the  present  time,  to  asser'  the  economic  effects  in 
terms  of  dollar  costs,  one  can  say  that  it  is  improbable  that  ecological 
aftereffects  of  fire  would  be  a  major  consideration  in  comparison  with  other 
disut i 1 i t<es. 

The  long-term  ecological  recovery  of  fire  or  otherwise  denuded  forest 
ecosystems  would  be  determined  to  a  large  degree  by  the  effectiveness  of 
postattack  reforestation  and  other  conservation  and  flood  control  operations. 
Even  without  such  efforts  for  control,  natural  succession  of  plants  would 
presumably  proceed  qusl i *  at iveiy  in  most  areas,  as  it  has  in  the  past, 
after  large  forest  fires.  There  '.re,  however,  certain  significant  differences, 
mostly  having  to  do  with  «.■■■.  .reater  sc..  ' e  t.«f  damage  resulting  from  a  (large) 
nuclear  war.  Repopulation  and  reseeding  begin,  as  a  rule,  at  the  periph  ery 
of  a  devastated  art?.  As  Wolfenbarger  has  pointed  out,  J  small  organisms 
tend  to  disperse  from  a  point  in  a  random  fashion  which  results  (after  a 
finite  time  t)  in  an  exponential  variation  of  density  with  distance,  i.e. 

■  ■  -kx 

u  ~  a, ,  e  , 

where  dQ  is  the  initial  d.^aity,  x  the  distance  and  k  a  constant  character¬ 
istic  of  the  disseminule,  the  weather,  etc. 

This  conclusion  is  an  empirical  one,  which  holds  equally  for  motile 
and  wind-blown  species,  hr. sec  on  counting  sample  catches  of  d i ssemi nu 1  es 
at  various  distances  from,, the  oricin  and  plotting  the  data  on  semi  log 
paper  as  a  straight  line."'  If  we  accept  it  as  given  we  can  calculate  the 
density  which  will  be  found  at  the  center  of  a  circular  area  of  radius  R 
(initially  empty)  after  a  given  time  T  assuming  every  point  outside  the 
circle  acts  a  souice  oi  t.spersai  i:.  ail  directions.  The  result,  obtained 
by  a  simple  integration  is  simply 

d(r)  =  dQ  (I  +  kR)e~*^ 
k* 

As  a  first  approximation,  the  total  time  for  repopulation  would  be 
inversely  proportional  to  the  density  after  a  fixed  time,  i.e. 


',{This  may  explain  why  Odum  and  others  have  referred  to  the  form  of 
the  resultant  curve  as  "logarithmic."®® 
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T  -  t  (2s)  -  .  t./k2h  ekR 

d  \2TT/  1  +  kR 

This  is  not  quite  correct,  because  after  becoming  established  at  new  loca¬ 
tions,  the  repopulating  species  can  begin  the  dispersal  process  over  again 
from  a  new  set  of  sources.  Instead  of  being  a  linearly  increasing  function 
of  time,  d  will,  in  fact,  increase  faster.  Nevertheless  d  (t)  is  certainly 
a  rough  measure  of  over-all  recovery  time  T.  The  important  consequence  of 
the  relation  deduced  above  is  that  recovery  time  T  at  the  center  of  the  circle 
increases  exponential lv  (for  large  R)  as  the  radius  R  of  the  denuded  area 
increases  1 i nearly. 

If  the  above  mode)  were  an  accurate  description  of  the  kind  of  damage 
to  be  expected  from  a  nuclear  attack,  the  implications  would  be  very  stark 
indeed.  The  model  fails,  of  course,  if  refug i a  are  left  inside  the  hypo¬ 
thetical  circle  of  destruction  from  which  repopulation  and  reseeding  can 
begin.  In  reality,  one  strongly  expects  the  latter  to  happen.  For  one  thing, 
fires  tend  to  burn  at  very  different  speeds,  at  different  times,  in  different 
directions,  and  on  different  kinds  of  terrain.  (Recall  the  difference  be¬ 
tween  speed  of  advance  uphill  versus  downhill,  discussed  in  the  last  section.) 
Moreover,  wind  directions  can  and  do  change,  so  that  it  is  quite  usual  for 
a  large  fire  to  leave  many  unburnt  islands  in  a  sea  of  ashes.  Ignitions 
themselves  tend  to  be  distributed  freakishly  because  of  variations  of  local 
topography,  wind  and  weather  conditions.  The  propensity  of  fallout  for 
coming  down  unevenly,  after  leaving  intensely  radioactive  "hot  spots"  and 
clear  areas  in  close  juxtaposition,  is  one  of  the  most  salient  lessons  of 
our  experience  with  atmospheric  testing  of  nuclear  weapons. 

However,  one  must  admit  that  beyond  noting  the  existence  of  these 
irritating  (to  the  analyst),  but  fortunate,  departures  from  theoretical 
uniformity  and  regularity,  the  phenomenon  has  not  received  nearly  as  much 
attention  as  its  potential  importance  would  seem  to  warrant,  A.,  far  as 
biological  recovery  is  concerned,  the  deviations  and  fluctuations  are 
central  and  it  would  be  helpful  to  know  more  about  their  occurrence  and 
distribution.  The  one  case  where  refugia  would  not  be  expected  to  remain 
undamaged  would  be  following  a  true  firestorm.  In  this  case  the  scaling 
law  just  enunciated  is  quite  likely  to  be  approximately  valid,  and  there¬ 
fore  large  fi  restorms— i  f  they  should  occu£— may  well  be  the  worst  of  all 
effe  ts  of  nuclear  war  on  the  environment.  As  will  be  pointed  out  in 
the  next  section,  if  biological  recovery  is  long  delayed  the  land  may  be 
so  damaged  by  erosion  that  restoration  can  never  be  more  than  partial  and 
i ncomplete. 


*For  reasons  just  outlined,  we  emphatically  disagree  with  fire  experts 
who  have  argued  that  the  consequences  of  "firestorms"  and  conflagrations 
would  be  essentially  indistinguishable.  The  significant  distinction,  of 
course,  is  not  thermo-dynamic  but  biological.  On  the  ether  hand,  we  find  no 
reason  to  dispute  she  statement  by  other  fire  experts  that  firestorms  are 
extremely  unlikely  to  occur  in  large  sizes  in  wi I dlands-~that ,  if  they  occur 
at  all,  they  will  he  local  phenomena. 
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7.  Erosion.  Floods  and  Silting 

The  fundamental  cause  of  erosion  is  removal  of  the  protective  plant 
cover  from  watersheds.  Proximate  causes  of  this  removal  may  be  plowing, 
harvesting,  overgrazing,  logging,  road-building,  mining,  fire,  drought, 
disease,  or  attack  b/  insects  or  rodents.  Farming,  grazing,  strip  mining 
and  indiscriminate  logging  have  been  tne  chief  offenders  in  the  past;  the 
first  two  are  the  most  likely  culprits  for  the  future,  since  logging  is 
now  carried  out,  for  the  most  part,  by  corporations  with  a  vested  interest 
in  preserving  the  productivity  of  the  timber-growing  areas,  while  strip 
mining  is  coming  under  increasing  control  and  scrutiny  by  public  agencies. 

The  potential  erosion  hazard  resulting  from  a  nuclear  attack  may  be 
analyzed  in  part  by  examining  the  various  ways  in  „hich  t tie  above-mentioned 
human  activities  may  be  checked  or  stepped  up  as  a  result  of  the  conditions 
obtaining  in  a  postattack  situation.  We  may  conjecture  that  all  of  the 
causes  mentioned  may  be  somewhat  exaggerated  to  the  extent  that  mere  atten¬ 
tion  is  likely  to  be  focused  on  immediate  problems  of  production  than  on 
long-term  conservation  measures.  Insofar  as  this  is  true,  it  would  seem 
that  farming  and  the  grazing  of  livestock  are  the  most  likely  to  increase 
in  intensity  and  cause  trouble. 

As  we  shall  argue  elsewhere,  food  prices  in  general  are  quite  likely 
to  go  up  as  a  consequence  of  decreased  per-acre  productivity  generally  and 
a  sharp  y  increased  emphasis  on  relatively  inefficient  meat  and  milk  pro¬ 
duction  in  particular— because  these  foods  involve  the  least  danger  of  Sr-90 
contamination.  Hence  it  would  not  be  surprising,  for  example,  if  there 
were  some  tendency  to  permit  overgrazing  of  marginal  lands  in  areas  of  low 
rainfall  such  as  the  eastern  slopes  of  the  Rockies.*  This,  in  turn,  could 
result  in  more  frequent  outbreaks  of  grasshoppers  or  Mormon  crickets  (see 
section  3  of  this  chapter),  causing  a  further  catastrophic  depletion  of 
the  ground  cover.  It  is  well  known  that  this  kind  of  cycle  can  get  out  of 
control,  as  has  happened  in  much  of  North  Africa,  Greece  and  the  Middle 
East— once  fertile  areas— where  uninhibited  grazing  by  aoats  and  sheep 
effectively  prevent  reforestation  of  denuded  hillsides. °7 

Apart  from  continuing  human  activity,  of  course,  plant  cover  may  be 
damaged  by  other  factors  attributable  to  the  effects  of  the  use  of  nuclear 
weapons.  In  this  connection  we  have  already  discussed  radiation,  fires 
(primary  and  secondary),  and  outbreaks  of  pests.  It  remains  to  examine 
the  specific  mechanisms  leading  to  erosion  per  se:  falling  water  (rain), 
flowing  water,  and  wind,  and  the  damage  which  may  be  done  as  a  result. 


It  may  be  important  to  distinguish  between  the  lower  slopes  and  foot¬ 
hills,  and  the  upper  slopes  of  the  mountains,  where  grass  does  not  grow 
well  and  grazing  is  not  a  problem.  In  the  Western  U.S.,  85%  of  the  water 
used  for  irrigation  comes  from  runoff  from  the  higher  slopes  where  pine, 
spruce  and  aspen  are  found,  yet  only  IC%  of  the  silt  accumulated  in  reser¬ 
voirs  comes  from  these  elevations.  On  the  lower  foothills  (pinon- juniper) 
the  principal  cause  of  erosion  seems  to  be  overgrazing  by  livestock,  which 
reduces  the  ground  covering  of  the  grasses. 
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The  initial  effect  of  rain  is  splash  erosion.  The  total  kinetic 
energy  of  raindrops  falling  on  an  acre  of  ground  at  the  rate  of  2  inches/ 
hour  has  been  described  as  being  sufficient  to 

"Lift  the  /-inch  topsoil  layer  to  a  height  of  3  feet  86  times 
during  ar.  hour's  rain,  equivalent  to  518  million  foot-pounds 
of  work,"  88 

This  may  be  a  thousandfold  or  more  larger,  for  a  given  volume  of  water., 
than  the  kinetic  energy  of  the  thin  sheets  of  surface  runoff  water  re¬ 
sulting  from  the  same  size  storm.  Actual  erosion  rates  vary  for  differ¬ 
ent  soil  types.  Fine  sand  is  the  most  readily  detachable,  while  clay  or 
fine-textured  soils  resist  detachment  better  because  of  a  tendency  to 
aggregate  into  lumps.  On  slopes,  the  splashed  soil  moves  both  up  and 
down:  the  per  cent  moving  downhill  is  roughly  given  by  50  plus  the  per 
cent  of  slope  and,  of  course,  the  soi i  particles  going  downhill  move 
farther  on  the  average  than  particles  moving  uphill. 89 

Compaction  end  surface  waterproofing  of  bare  soil  due  to  the  pound¬ 
ing  of  rain  occurs  quickly,  typically  within  a  few  minutes,  and  as  much 
as  9 5 “98%  of  the  total  storm  water  may  run  off  on  the  surface  instead  of 
soaking  into  the  ground. 90  In  so  doing,  it  carries  away  many  of  the  de¬ 
tached  soil  particles.  Smooth  laminar  flow  on  the  surface  occurs  at  first, 
but  as  the  moving  sheet  of  water  increases  in  depth,  turbulence  sets  in, 
enhanced  by  continual  splashing  of  raindrops.  Subsequently,  channeling 
takes  place,  accompanied  by  increased  water  velocities,  gre-ater  turbu¬ 
lence  and  scour-erosion,  whereby  the  energy  of  small  moving  particles  is 
transferred  by  collisions  to  cause  larger  particles  to  start  to  move. 

As  a  general  rule,  erosion  and  runoff  are  more  severe  on  burned  tracts. 
One  set  of  figures  for  Oklahoma  showed  increases  by  multiples  of  12  to  3 * ; 9 1 
another  set  for  the  pine  forests  of  the  Sierras  showed  runoff  up  by  a  fac¬ 
tor  of  from  31  to  463  and  erosion  up  by  factors  of  2  to  239.92  Results 
naturally  vary  with  topography,  soil  and  type  of  vegetation. 

The  rate  of  flow  of  a  stream  of  moving  water  confined  to  a  particular 
channel  is  proportional  to  the  cross-secticnal  area  times  the  integrated  mean 
velocity.  A  model  which  probably  fits  actual  behavior  with  reasonable  accu¬ 
racy  might  assume  that  a  given  change  in  rate  of  flow  f  can  be  assigned 
equally  to  changes  in  depth,  width  and  velocity,  for  a  given  channel  slope 
and  resistance  to  flow.  Thus,  the  scaling  rules  for  cross-sectional  area  A 
and  velocity  v  in  terms  of  flow  f  would  be: 

A  -  f  2/3 
v  —  f  ^ 

Kinetic  energy  associated  with  the  stream  flow  would  scale  as  Av^,  or 
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The  sediment-carrying  capacity  of  a  stream  probably  follows  a  rule  some¬ 
thing  like  this,  although  in  reality  the  phenomenon  is  greatly  complicated 
by  viscosity,  turbulence  and  other  effects. 

As  a  matter  of  fact,  sediment  in  river  or  channel  bottoms  does  not 
move  at  all  until  a  finite  threshold  velocity  is  reached.  Thus  beds  of 
very  slow-moving  streams  (<  5  inches/sec.)  are  likely  to  be  muddy,  while 
torrents  moving  very  rapidly  (>  4  feet/sec.)  will  move  sand  and  pebbles 
up  to  good-sized  stones.  A  correlation  between  velocity  and  minimum  size 
of  bed  material  exists  also  for  intermediate  values  of  both  variables. ^3 

Moreover,  even  beyond  the  threshold,  the  amount  of  material  set  in 
motion  is  proportional  to  the  "shear"  forces  due  to  the  strength  of  the 
current.  In  other  words,  for  a  given  current  velocity  there  is  a  limit 
to  the  amount  of  sediment  which  it  will  move--the  stream  cannot  carry 
more  and  more  indefinitely  or  it  would  become  a  river  of  mud  and  unable  to 
flow.  However,  it  is  an  observed  fact  that  scouring  action  in  channel 
beds  only  occurs  in  floods  and  is  a  sharply  increasing  non-linear  function 
of  flood  magnitude  and  current  velocity,  consistent  with  the  model  above. 

What  happens  to  the  eroded  material  which  has  not  yet  been  carried  out 
into  the  ocean  (~  75%  of  the  amount  moved  in  a  given  year)  is  of  critical 
importance.  As  the  flood  peak  subsides,  the  rate  of  flow  drops  sharply, 
and  with  it  the  silt-carrying  capacity  of  the  stream  (the  previous  process 
in  reverse).  Sediment  sett'es  to  the  bottom.  As  the  water  level  drops, 
some  of  it  is  left  high  and  dry  or.  the  banks  or  the  "flood  plain";  the 
rest  remains  in  the  stream  bed.  As  upstream  erosion  proceeds,  the  down¬ 
stream  channel  bed  builds  up  higher  and  higher  on  successive  layers  of 
silt.  A  time  eventually  arrives  when  the  bottom  of  the  river  is  actually 
higher  than  the  surrounding  land.  An  exceptional  flood  may  cause  it  to 
wash  away  its  own  bauks  and  carve  out  a  new,  lower  channel.  Only  contin¬ 
uing  watchfulness  and  engineering  skill  can  keep  it  confined,  with  the 
help  of  dikes,  catch  basins  and  dams,  weirs,  levees  and  dredges,  once 
this  stage  is  reached." 

Even  a  river  in  equilibrium  with  its  bed,  i.e.  one  whose  channel  has 
not  been  seriously  modified  by  silt  deposition,  is  subject  to  occasional 
floods  at  times  of  peak  .low  when  the  water  level  rises  above  the  height 
of  the  banks.  This  is  because  the  banks  themselves  are  products  of  the 
river,  being  built  up  out  of  silt  scoured  from  the  bed  of  the  channel  and 
torn  down  again  as  the  material  is  washed  away  by  eddies  and  currents  to 
be  dropped  somewhere  else.  The  net  result  of  all  this  is  a  kind  of  dyna¬ 
mic  compromise  which  adjusts  the  height  of  the  banks  so  as  to  just  contain 
the  "average"  flood  peak  but  is  inadequate  to  hold  the  maximum  peaks  which 
occur  every  few  years.  At  such  times  the  waters  inundate  the  farmlands 


*The  lower  reaches  of  the  Tigris  and  Euphrates  were  some  25  feet  above 
the  level  of  the  flood  plain  at  the  time  Tamerlane  destroyed  the  reservoirs 
and  irrigation  channels.  This  is  probably  one  reason  the  irrigation  system 
was  never  rebuilt  and  much  of  the  area  is  marshland  today. 
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and  pastures  in  the  valley. 

...the  river  channel  is  large  enough  to  accommodate  all  the 
water  coming  from  the  drainage  area  only  in  the  relatively 
frequent  event.  The  flat  area  bordering  most  channe I s-“the 
flood  plain — must  flood  to  some  extent  every  other  year.  To 
overflow  the  flood  plain  is  an  inherent  characteristic  of  a 
river. 34  (Italics  added.) 

The  statement  quoted  is  based  both  on  theory  and  observation.  Fre¬ 
quency  of  overbank  flooding  is  very  nearly  constant  for  a  great  many  rivers 
having  superficially  different  characteristics  in  terms  of  length,  depth, 
seasonal  flow,  etc. 

Meteorological  conditions  necessary  to  produce  floods  on  various 
watersheds,  as  the  Missouri  River,  are  described  by  the  Hydrometeorologi¬ 
cal  Studies  of  the  U.S.  Army  Corps  of  Engineers  and  the  U.S.  Weather  Bu¬ 
reau.  35  The  combinations  of  circumstances  for  a  maximum  flood  are  generally: 
a  warm,  humid  «■  i r  mass  which  quickly  melts  the  accumulated  snow  pack  at 
higher  elevations,  followed  by  a  rainstorm  at  lower  elevations.  Runoff  is 
maximized  when  the  sub-soil  is  still  frozen,  so  that  after  the  top  layer  of 
soil  is  saturated,  the  water  has  no  place  to  go  except  into  the  streams.  If 
the  moisture  in  the  air  condenses  directly  on  the  snow  surface  rather  than 
in  the  air,  the  latent  heat  required  to  yield  one  inch  of  condensation  (e.g., 
"dew")  will  produce  seven  inches  of  melted  snow  water.  On  the  other  hand,  if 
the  water  comes  down  as  rain — even  at  20°  F.  above  freezing — the  results  are 
reversed:  one  inch  of  rain  provides  enough  heat  for  only  one-seventh  of  an 
inch  of  additional  melted  snow  water. 36  |n  a  relatively  constricted  area  such 
as  the  Central  \/a!  ley  of  California,  such  a  sequence  cannot  occur,  since  con¬ 
ditions  which  would  produce  a  rainstorm  in  the  lower  valley  would  not  maxi¬ 
mize  the  melting  at  higher  levels.  Hence  the  "worst  possible"  flood  is,  in  a 
sense,  not  as  bad  in  a  small  watershed  as  it  might  be  in  a  large  one.  On  the 
other  hand,  in  a  large  basin  such  as  the  Missouri  or  Columbia  river  systems, 
the  maximal  flood  conditions  will  occur  less  frequently,  since  a  double  co¬ 
incidence  is  required.  However,  as  a  matter  of  probability,  near  maximal 
floods  (for  the  local  area)  do  occur  every  few  years  in  any  river.  Figure  4.5 
shows  a  typical  rey.-rc Ion  curve  relating  fic-od  height  to  frequency  of  occur¬ 
rence.*  As  was  pointed  out  above,  maximal  floods  do  far  more  than  their  pro¬ 
portional  share  of  total  flood  damage. 

Seasonal  factors  are  also  important.  As  f  ure  4.6  rn.es  clear,  ma\i- 
mum  destructive  floods  are  most  likely  to  occur  curing  periods  of  peak  run¬ 
off  (channel  capacity  will  roughly  correspond  to  the  highest  point  of  each 
curve)  when  the  top  layer  of  soil  is  saturated  with  melting  snow.  Of  course, 
some  of  this  water  gradually  percolates  down  to  deeper  layers,  depending  on 
soil  norosit/  and  on  the  extent  and  type  of  ground  frost.  Of  the  four  recog¬ 
nized  types:  concrete,  honeycomb,  stalactite  and  granular,  only  the  first 
is  essentially  impermeable  where  frost  is  of  the  persistent  "concrete"  variety; 
up  to  100'/  of  storm  water  tends  to  run  off  on  the  surface.  It  has  been  found, 

’Again,  note  the  skew  distribution,  qualitatively  similar  to  the  one  pro¬ 
posed  in  Appendix  F  for  fires.  In  tins  case  the  power  law  which  best  fits  the 
observed  distribution  is  t;  i  "4  (i.e.,  p  *  4). 
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FIGURE  4.6 
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incidentally,  that  the  likelihood  of  other  more  pen.K.  Lie  types  of  frost 
increases  th~  more  humus  there  is  in  the  soil,  the  more  litter  above  it, 
and  the  denser  the  vegetation.  Mature  hardwood  forests  are  the  least 
susceptible  to  concrete  frost;  bare  fields  and  burned  patches  are  the 
most  susceptible. 

The  surface  vegetation  also  ha.  an  effect  on  snow  accumulation  and 
the  rate  of  melting.  The  Wagon-Wheel  Gap  experiment  in  Colorado  has  at¬ 
tempted  to  measure  the  effect  quantitatively:  two  neighboring  watersheds 
were  carefully  compared  for  eight  years  while  in  a  virgin  state,  then 
the  timber  was  cut  on  one  of  them  and  observations  were  continued  for  an 
additional  sever*  vjars.  In  the  absence  of  forest  cover  average  stream- 
flow  from  snow  me't  increased  16%  while  peak  streamflow  increased  50%. 
Erosion  also  increased,  although  damage  in  the  experimental  area  was  small 
because  local  soils  happen  to  be  very  porous  allowing  rapid  penetration.*^ 

In  relatively  small  headwater  streams  the  conditions  for  a  maximal 
flood  are,  more  likely  than  not,  simply  a  very  heavy  local  thunderstorm. 
Although  individual  upstream  Hoods  are  less  dramatic  than  the  occasional 
downstream  floods >  the  Sell  Conservati  >n  Service  has  estimated  that  up¬ 
stream  floods  account  for  more  than  half  of  total  damages.  Here  the  ef¬ 
fect  of  vegetation  is  more  direct:  vegetation  intercepts  raindrops  and 
traps  some  water  which  is  re-evaporated  before  even  reaching  the  ground. 
Moreover,  by  dissipating  the  force  of  the  falling  water,  soil  compaction 
and  "water-proof ing"  are  prevented,  wnence  more  water  actually  penetrates. 
Finally,  i"  offers  resistance  to  surface  runoff  by  clogging  channels  with 
organic  litter.  Sheet  and  scour  erosion  are  prevented  because  running 
water  never  attains  a  great  enough  velocity. 

The  effect  of  direct  interception  and  trapping  of  water  oy  vegeta¬ 
tion  is  limited  due  to  saturation.  0n<.e  all  the  foliage  and  litter  are 
thoroughly  wet,  additional  rainfall  must  either  soak  into  the  ground  or 
run  off  'u  the  surface.  Eventually  the  soil  itself  may  become  saturated, 
which  means  any  furtnu  ater  income  must  be  matched  by  outflow.  How¬ 
ever,  the  damage  done  the  water  depends  on  rate,  rather  than  volume 
of  flow.  As  has  Peer*  noted  previously,  "scouring  capability"  varies  as 
something  like  the  4/3  power  of  stream  flow  (in  cubic  feet/ sec. )  and  as 
the  4th  power  of  veloci  ty. 

That  tne  rate  of  runoff  depends  intimately  on  the  condition  of  the 
watershed  and,  in  particular,  the  plant  cover,  -s  shown  graphically  by 
Figure  4.7,  which  illustrates  some  results  of  measur  ments  taken  ever  a 
period  of  years  at  the  Cowee t a  Hydrologic  Laboratory,  Ashville,  North 
Carolina.  This  compares  rates  of  runoff  as  normalised  for  equal  volumes 
of  water  actually  measured  at  the  wei  s.  The  difference  in  maximum  rates, 
in  the  case  shown,  between  the  mountain  farm  and  the  un touched  forested 
hillside  amounts  to  a  factor  of  2.5-  However,  a  more  significant  com¬ 
parison  would  show  up  if  we  could  plot  actual  runor f  for  equal  amounts 
of  water  deposited  on  the  watershed  by  the  storm.  Where  vegetative  cover 
is  severely  depleted,  as  was  pointed  out  earlier,  up  to  98/  of  the  total 
rainfall  runs  off  on  the  .urfac-  twice  the  hare  soil  surface  is  compacts*, 
and  sealed  by  pounding  raindrops.  This  occurs  in  only  a  few  minutes.  In 
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FICURE  4.7 

DISTRI BUriON  OF  SUMMER  STORM  RUNOFF  FOR  VARIOUS  CONDITIONS 
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the  case  of  a  thickly  forested  hillside,  on  the  other  hand,  practically 
all  of  the  water  is  intercepted  by  foliage  and  eventually  soaks  into  the 
ground,  reaching  the  streams  indirectly  and  gradually.  Thus,  in  compar¬ 
ing  equivalent  storms,  it  is  not  inconceivable  that  the  peak  flow  of  run¬ 
off  could  vary  by  a  factor  of  10  or  more  from  one  case  to  the  other. 

Taking  this  into  account,  the  over-all  runoff  rate  for  the  "mountain 
farm"  can  be  enormously  greater  than  for  virgin  hillsides.  In  the  partic¬ 
ular  case  illustrated,  the  "before  and  after"  difference  was  a  factor  of 
8  (800%). 

There  is,  therefore,  little,  doubt  that  upstream  damage,  i.e.  erosion 
in  foothMls  and  watersheds,*  would  increase  drastically  if  plant  cover 
should  be  depleted  directly  or  indirectly  as  a  result  of  nuclear  attack. 

By  analogy  (noting  the  similarity  of  the  curves  in  Figure  4.6  with  those 
of  Figure  4.7,  despite  the  different  time  scales)  it  might  be  argued  that 
downstream  damage  would  increase  correspondingly  due  to  the  operation  of 
the  same  mechanisms  That  is,  it  might  seem  reasonable  to  expect  the 
curves,  under  conditions  of  accelc  uted  erosion,  to  have  higher  but  nar¬ 
rower  peaks  and  to  carry  more  runoff  water  (because  less  water  soaks  into 
the  ground).  Should  this  occur,  it  is  obvious  that  channel  capacity  could 
be  very  greatly  exceeded  at  peak  runoff  and  that  little  water  would  flow 
at  other  times,  resulting  in  calamitous  spring  floods  and  water  shortages 
during  the  rest  of  the  year.  However,  the  above  argument  is  flawed.  It 
is  true  that  the  peak  flow  and  the  rate  of  buildup  and  decline  are  rela¬ 
ted:  the  faster  the  buildup,  the  higher  the  peak,  for  a  given  amount  of 

water.  However  in  a  small  upstream  watershed  the  rate  of  buildup  of  the 
streamflow  is  directly  related  to  the  rate  of  percolation  of  water  through 
the  vegetation,  and  into  and  through  the  soil.  The  type  and  density  of 
vegetation  is  of  paramount  importance.  On  the  other  hand,  downstream  the 
rate  of  buildup  and  decl i ne--whi ch ,  for  a  given  volume  of  water  alone  de¬ 
termines  the  peak  f  low--der>ends  mainly  on  details  of  topography  and  wea¬ 
ther  and  only  slightly  on  vegetation  or  its  absence.  The  one  plausible 
mechanism  for  large  downstream  floods  is  simply  the  likelihood  of  an  in¬ 
creased  total  volume  of  water  from  the  upstream  tributaries,  due,  per¬ 
haps,  to  greater  snowmelt  runoff  (as  in  the  Wagon  Wheel  Gap  experiment) 
or  to  the  prevalence  of  "concrete"  frost  under  defoliated  or  burned-over 
areas. 

One  would  not,  therefore,  expect  increases  in  peak  downstream  flow 
by  factors  of  5  or  even  2.  On  the  other  hand  an  average  of  10-20%  more 
runoff  is  not  at  al 1  inconceivable.  If  the  s lew  watershed  recovery  pe¬ 
riod  should  coincide  in  a  year  with  the  appropriate  meteorological  con¬ 
ditions  fer  extreme  flood  conditions,  an  unprecedented  flood  disaster 
might  easily  occur, since  a  20%  increase  in  maximum  streamflow  would 
probably  result  in  a  far  greater  percentage  increase  in  maximum  damage. 


^"Upstream"  and  "downstream"  are  normally  divided  operationally  as 
being  above  or  below  major  existing  or  proposed  flood  control  structures 
such  as  dams. 

,  ,  1 02 

""•'In  this  we  differ  with  H.  H.  Mitchell,  who  argues,  mainly  from 
the  saturation  phenomenon  v/ithout  considering  any  of  the  other  points 
that  downstream  peak  flow  would  not  be  appreciably  increased  by  destruc¬ 
tion  of  ground  cover. 
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Damage  due  to  erosion,  sedimentation  and  floods  may  be  classified  roughly 
as  indicated  below: ‘^4 


Downstream  Damage 


(mil  liens)  (millions) 


c.rosion 

$  750 

— 

Sedimentation 

Flood  Total:  (excl .sediment) 

.  132 

$  28 

Agriculture  $392 

$165 

Misc.  Property  1 53 

_ 5£l 1 

JUi 

_£00 

$1427 

$528 

Total  Actua5  Annual  Damage:  $1955 

Total  Potential  Annual  Damage:  $2338 


Upstream  damage  and  erosion  (above  flood  control  projects)  is  divided 
geographically  as  follow*-: 


"Old  South"  (9  states) 

Northern  Great  Plains 

29% 

(Missouri  River  basin) 

North  Central  UppeP 

20% 

(Mississippi  River  basin) 

19% 

Southwest  (4  states) 

Pacific  Drainage  Area 

18% 

(5  states) 

JSL 

91% 

A! 1  the  rest 

1 

100% 

Downstream  damage  is  concentrated  on  a  relatively  few  rivers: 


Mississippi  Basin: 


lower  Stem  (below  Si.  Louis) 

24  % 

Upper  Main  Stem  (above  St.  Louis) 

13  % 

Ohio  River 

12.3% 

Missouri  River 

6.9% 

Other  tributaries 

(Red  R, ,  Whit*.  R.,  Ark,  R.) 

JLZ& 

California  (Sacramento,  San  -Joaquin,  Klamath) 
Atlantic  Coast 
C*/  o  &la-Snake 


All  the  rest 


61,9% 

M.7% 

11.1% 


92.1% 

100.0% 


*These  figures  are  more  tbao  three  times  as  high  as  figures  compiled  by 
White  and  quoted  by  Mitchell.  *  We  prefer  our  figures  for  three  reasons: 
(I)  they  a*c  mere  recent  (1955  vs.  1945  and  1939),  (2)  they  come  from  offi¬ 
cial  (USOA)  publications  and  (3)  it  is  likely  that  the  earlier  compilations 
om{tted  certain  categories  of  damage  which  the  latter  ones  included. 
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V’ ricul turo i  damage  (as  the  term  Is  used  in  the  above  table)  refers 
to  dii’i-ige  to  growing  or  stored  crops  resulting  primarily  from  standing 
or  mo  i ng  water,  and  sediment.  Erosion  damage  results  as  fertile  soil 
is  removed  from  its  productive  location;  sedimentation  damage  occurs 
when  fertile  valley  soils  are  covered  up  or  diluted  by  accretions  of 
sterile  subsoil.  Altogether,  some  four  billion  tons  of  soil  are  trans¬ 
ported  each  year  by  water  in  the  U.S.  of  which  25%  reaches  the  oceans;  I 
the  rest  is  deposited  in  stream  beds  and  alluvial  plains  mainly  by  floods. 

The  indirect  economic  damage  done  by  accelerated  erosion  and  conse¬ 
quent  flooding  is  probably  greater  than  the  above  accounting  suggests.  For 
one  thing,  large  sums  of  money  are  spent  on  various  flood  control  measures 
such  as  dikes,  dams,  levees,  dredges,  etc.  These  are  not  permanent  im¬ 
provements  to  the  landscape,  for  they  would  be  unnecessary  if  constant  up¬ 
stream  erosion  were  not  taking  place  and,  because  of  silting  which  raises 
the  levels  of  river  beds  in  the  lower  valleys,  they  must  be  increased  year 
by  year  as  long  as  erosion  continues.  By  the  same  token,  the  amount  of 
land  under  threat  of  flooding  increases  as  the  level  of  the  river  beds 
rises.  If  we  include  both  upstream  and  downstream  areas,  about  5%  of  the 
land  in  the  Uni  l  ed  tr-s  (v5, 000, 000  acres)  is  estimated  to  be  potentially 
f loodable.106  This  figure  tends  to  increase  gradually  with  time  as  stream 
beds  rise  due  co  erosion  and  sedimentation  which  has  already  occurred. 

The  average  c.n  .ual  savings  in  terms  of  annual  damage  not  done  because 
of  existing  flood  control  measures — entirely  (by  definition)  in  downstream 
areas— is  estimated  by  the  U.S.  Army  Corps  of  Engineers  to  be  $383  million 
(i.e.  $91 i  million  potential  damage  less  $528  million  actual  damage)  which 
means  that  downstream  areas  arc  currently  about  4  2%  protected.  Savings  of 
potential  erosion  damage  due  tn  existing  soil  conservation  measures  have 
not  been  estimated  quantitatively  as  far  as  we  know. 

Destruction  of  plan,  cover  as  a  consequence  of  nuclear  attack,  whether 
by  radiation,  fire,  insect  attacks  or  by  overgrazing*  due  ‘.o  altered  pat¬ 
terns  of  agriculture,  would  also  enhance  wind  erosion.  If  is  clear,  for 
example,  that  forest  trees  act  as  windbreakers  as  well  as  soil  and  water 
retainers.  The.  importance  of  this  for  the  microclimate  near  the  ground  was 
discussed  previously  (section  4  of  this  chapter).  Even  a  modest  reduction 
of  ambient  wind  velocities  near  the  soil  surface  has  a  marked  effect.  A 
study  in  Schleswig-Holstein  in  north  Germany  showed  that  hedgerows  between 
cultivated  fields,  by  reducing  air  circulation,  reduced  evaporation  from 
the  soil  surface  to  an  extent  equivalent  to  a  33%  increase  in  annual  rain¬ 
fall.  ®  Of  course,  dehydration  tends  to  prevent  the  cohesion  of  soil  par¬ 
ticles  into  clumps  and  reduces  them  effectively  to  powder.  Physical  bar¬ 
riers  also  inhibit  wind  erosion  in  another  way  by  trapping  the  heavier 
particles  and  preventing  the  abrasive  action  which  would  otherwise  occur 
as  the  particles  accelerate.  F'-oin  60%  to  95%  of  the  moving  soil  mass  never 

'-Careful  long-term  experiments  at  the  Coweeta  Hydrologic  Laboratory, 
Asheville,  No.  Carolina,  have  demonstrated  Lhc  ca  sequences  of  heavy  grazing, 
logging  and  mountain-farming  on  steep  slopes  in  csrms  of  erosion.1  •  Overgrazing 
produced  by  far  the  worst  effects,  although  serious  erosion  did  not  occur  for 
several  years.  In  the  first  few  years  surface  litter  prevented  rapid  runoff; 
not  until  channel  blockages  of  organic  detritus  had  been  washed  away  did  ero¬ 
sion  become  rapid. 
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rises  more  than  one  ^oot  above  the  surface.  Most  of  the  material  moves  by 
c  process  known  as  "saltation,"  which  consists  of  shurt  sliding  or  rolling 
movements  along  the  surface,  followed  by  bounces  of  jumps  through  the  air. 
The  heaviest  grains  "creep"  as  a  result  of  impacts  from  particles  in  salta¬ 
tion-  The  ratios  of  distance  traveled  to  maximum  rise  of  these  forward 
jumps  range  from  '!  to  10,  with  the  larger  ratio  for  jumps  over  sir.  inc  if, 
in  height.  Thus  the  width  and  depth  of  furrows  are  important.  The  over¬ 
all  rates  of  movement  of  eroding  material  increase  with  distance  downwind 
from  a  barrier  to  a  maximum  which  is  determined  by  drag  forces.  For  com¬ 
pletely  erodable  soils  (e.g.  fine  dune  sand)  maximum  velocity  is  reached 
in  1C  yards,  but  for  most  cultivated  soil  maximum  wcuid  not  be  reached  for 
500  yards  or  more.  Hence  the  efficacy  of  even  rather  widely  spaced  barriers 
such  as  hedges. 


The  eroding  capabilities  of  unchecked  wind  were  well  i 1  lustrated  by 
the  dust  bowl  of  the  1930's  which  resuted  from  an  almost  complete  loss 
of  ground  cover  due  to  overcultivation  and  low  rainfall.  Fortunately  the 
situation  was  (at  least  temporarily)  alleviated  by  several  years  of  good 
rains  and  some  improvements  in  agricultural  practice. 


In  summary,  there  are  <>  number  of  ways  in  which  a  nuclear  attack  on 
the  United  States  might  c^use,  directly  or  indirectly,  depletion  of  plant 
cover.  The  probability  of  one  or  another  of  these  mechanisms  operating, 
as  a  function  of  enemy  t!f:g,  megatonnage,  act i ve -pass i ve  defense,  etc 
etc.,  is  discussed  in  other  chapters.  Our  concern  in  this  chapter  has 
been  with  the  later  consequences  of  loss  of  plant  cover,  particularly 
erosion  and  flooding. 

Of  course  erosion  and  floods,  like  fire,  are  not  mortal  problems. 

Their  consequences  can  only  be  discussed  in  economic  terms.  Howevei ,  the 
long-term  potential  disutility  of  these  consequences  ought  to  be  taken 
very  seriously.  An  atomic  war  in  the  20th  century  might  conceivably  be 
remembered  in  the  22nd  century,  chiefly  because  of  damage  done  to  the 
landscape *^nuch  of  which  would  still  be  visible  to  people  living  then. 

This  risk  is  not  due  to  any  special  eroding  capabilities  of  nuclear 
weapons,  but  simply  due  to  the  fact  that  erosion  and  flooding  are  serious 
menaces  to  the  future  economic  health  of  the  nation  which  are  not  under 
cont  cl  at  the  present  time.  The  most  optimistic  view  Is  that  the  situa¬ 
tion  is  getting  worse  at  a  slower  rate  than  it  was  a  generation  ago.  At 
present  rates  of  degradation,  the  land  and  soil  resources  of  the  United 
States  will  be  dangerously  strained  within  a  century.  Worse,  such  tenuous 
defenses  against  erosion  as  have  been  constructed  to  date  have  essentially 
no  i.-*rgln  for  safety.  In  other  words,  the  situation  Is  not  yet  stabilized. 
St  might  be  compared  to  a  forest  fire  whose  breakneck  pace  has  been  labor¬ 
iously  slowed  down— but  which  still  burns  and  still  advances.  A  shift  In 
the  wind  could  still  uring  disaster.  Because  of  the  lack  of  margin,  a  nu¬ 
clear  attack  appears  likely  to  play  such  a  role  (l.e.  as  a  shift  In  the 
wind),  triggering  a  new  cy-.le  of  destruction  which  would  be  hardei  than 
ever  to  control.  Tho  quantitative  questions  (How  much?,  hew  expensive?, 
how  long?)  are  too  difficult  to  attempt  tc  answer  on  the  basis  of  exist¬ 
ing  data  and  such  few  theories  as  have  been  devised  to  date. 
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8.  Balance  of  Nature 

Several  of  the  topics  already  d  i  scu-.  scd--most  especially  insect/pest 
outbreaks  (section  3  of  this  chapter)--are  relevant  to  the  so-called  bal¬ 
ance  of  nature.  However,  it  is  worthwhile  looking  at  the  question  again 
in  the  following  terms: 

Nature  is  commonly,  and  generally  correctly,  perceived  to  be  a  com¬ 
plex  system  with  a  vast  number  of  components  whose  mutual  interactions 
act  as  a  set  of  checks  and  balances  on  each  other.  Is  it  possible,  or 
likely,  that  if  this  balance  is  seriously  disturbed  the  whole  arrangement 
may  readjust  itself  in  a  new  configuration  which  is  (incidentally)  less 
favorable  to  man? 

At  first  glance  this  proposition  appears  to  be  (I)  perfectly  plaus¬ 
ible,  and  (l)  exceptionally  d i f f i cu It —  if  not  impossible--to  test  either 
experimentally  or  against  theoretical  knowledge  of  acceptable  universality. 
However,  not  to  be  so  easily  daunted,  let  us  examine  the  implications  of 
the  proposition,  and  then  look  at  the  arguments  which  have  been,  or  might 
be,  used  on  both  sides  the  question.  This,  at  least,  is  a  reasonable 
intellectual  exercise,  and  it  may  prove  to  be  unexpectedly  revealing. 

The  proposition  (in  its  affirmative  form)  implies  that  the  "balance" 
of  nature  is  both  delicate  and  unstable,  i.e.  it  is  easily  upset.  The 
kind  of  metaphors  which  are  most  often  cited  to  make  this  position  seem 
plausible  are  typified  by  the  following: 

1.  Only  a  few  slow  neutrons  are  sufficient  to  start  a  chain 
reaction  in  an  atomic  pile  'or  bomb)  releasing  enormous 
energy. 

2.  A  few  photons  can  trigger  a  laser  in  the  same  way  with 
analogous  results. 

3.  A  few  micrograms  of  vitamin  B- 1 2  can  make  the  difference 
between  life  and  death  for  an  organism. 

4.  "For  want  of  a  nail  the  shoe  was  lost;  for  want  of  the 
shoe  the  horse  was  lost...." 

5.  If  the  average  temperature  on  earth  were  a  few  degrees 
(on  the  galactic  scale)  hotter  or  colder,  life  as  we 
know  it  could  not  exist.... 

On  the  negative  side,  it  seems  almost  unnecessary  to  point  out  that 
the  various  analogies  or  metaphors  are  all  only  marginally  relevant,  at 
best,  to  the  actual  question.  Essentially  they  all  illustrate  cases  where 
an  entire  ordered  structu re--or  an  important  event--depends  on  a  crucial 
key  element  or  trigger,  and  attention  is  entirely  focused  on  this  key  ele¬ 
ment.  To  revert  to  the  atomic  bomb  as  an  example:  unless  all  the  right 
steps  are  taken  in  exactly  the  right  order,  nothing  drastic  happens.  An 
unarmed  bomb  can  be  dropped,  melted,  exposed  to  intense  radiation  or  vi¬ 
bration,  immersed  in  salt  water  or  boiling  acid,  etc.,  without  any  serious 
consequence . 
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As  regards  the  "balance  of  nature,"  then,  one  must  ask  first,  whether 
there  exists  any  comparable  "tr igger"--and  second,  whether  the  effects  of 
a  nuclear  attack  would  be  tantamount  to  pulling  the  trigger.  Much  of  this 
study  is,  in  a  sense,  devoted  to  ’ooking  to  see  whether  such  a  potentially 
unbalancing  sequence  of  events  can  be  identified.  Whether  due  to  lack  of 
imagination  or  insufficient  objectivity,  or  for  some  other  reason,  the  fact 
remains  that  neither  *he  author  nor  anybody  else  (so  far  as  he  is  aware) 
has  succeeded  in  f indin;  a  likely  example. 

In  spite  of  this  negative  evidence,  the  abstract  possibility  still 
remains  open.  Granting  that  mechanical  analogs  are  somewhat  unsatisfac¬ 
tory,  it  may  be  helpful  to  look  back  into  history  to  see  if  there  are  any 
examples,  perhaps  on  a  smaller  scale,  of  ecological  upsets  which  ultimately 
resulted  in  stabilization  in  some  radically  different  pattern. 


For  purposes  of  analysis  it  is  convenient  to  consider  (I)  consequen¬ 
ces  (if  any)  of  events  of  great  magnitude  which  occurred  suddenly,  and 
(?)  changes  which  occurred  slowly,  as  a  result  of  continuous  pressures 
over  a  long  period  of  time.  Some  promising  classes  of  examples  i  ic’vcie 
the 


(2)  fiadUftLChaflMS 


Earthquakes  &  tsunamis 

Volcanic  eruptions 

Meteor i tes 

Storms 

Fires 

F  reezes 

Floods 


Glaciation 

Systematic  agriculture  and 
exploitation  of  natural 
resources;  population  "explosion" 
Establishment  of  new  species 
(mutation  or  importation) 

Chemical  polution 


Since  an  exhaustive  analysis  is  impossible,  we  must  restrict  ourselves 
to  picking  some  of  the  more  dramatic  instances  of  each  type, 

a. 

Appendix  6  contains  information  about  a  number  of  cataclysmic  natu¬ 
ral  events  which  have  occurred  sudden* y.  We  shall  omit  discussion  of  the 
details  here  because,  although  iome  catastrophes  involved  extensive  de¬ 
struction  of  vegetat ion--notebly  volcanoes  and  f!res--ln  nc  known  case  has 
there  been  any  significant  long-term  Inbalance  of  the  "chain  reaction"  type. 
Ecological  succession  following  fires  nas  already  been  dealt  with  (section  6 
of  this  chapter).  Succession  fol lowinc  volcanic  eruptions  seems  to  be  quali¬ 
tatively  similar,  uxcept  to  the  extent  that  soil  fertility  may  be  increased 
or  decreased.  The  particular  case  of  Kraketoa  has  been  studied  in  detail 
by  Ingersol I .  * 

Some  simplistic  comparisons  may  be  helpful  at  this  stage.  Clearly  one 
(though  not  the  only)  salient  measure  of  the  "size"  of  a  disturbance  is  the 
ameum  of  energy  dissipated  in  the  process,  A  convenient  uni;  is  the  mega¬ 
ton/'  The  following  table  exhibits  some  relevant  magnitudes.  (Methods  of 
calculation  are  described  in  Appendix  £.) 
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Magnitudes  of  Historical  Disasters 
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Est imated 

Uncerta  inty 

Event 

Date 

Energy  in  MT’s 

.  Factor* _ 

Vredefort  meteorite  (S.  Africa) 

prehi stor ic 

2,500,000 

>10 

Ries  Kessel  meteorite  (Germany) 

prehi stor ic 

500,000 

>10 

Tomboro  volcano 

1815 

1 12,000 

3 

Coseguina  volcano 

1835 

44,000 

3 

Krakatoa  volcano 

1883 

20,000 

■3 

V 

Wei -Ho  earthquake 

1556 

6,500 

3 

Lisbon  earthquake 

1775 

3,500 

3 

Chile  earthquake 

1%0 

1,500 

3 

Tunguska  meteorite  ( 

1908 

700 

±50% 

Forest  fire,  Parana,  Brazil 

1563 

360 

±50% 

Forest  fire,  Peshtigo,  Wise. 

I£7i 

300 

±50% 

Eastern  seaboard  hurricane 

1961 

170 

+25% 

(e.g.,  "Carla")- instantaneous 
kinetic  energy  only** 

Arizona  meteori 

prehi stori c 

36 

>10 

Some  of  the  events  on  the  list  were  net  only  larger,  but  very  much 
larger  in  terms  of  energy,  than  any  nuclear  war  which  can  presently  be 
envisioned.  Probably  the  greatest  convulsion  in  recent  history  was  the 
Tomboro  eruption  of  1815.  Some  world-wide  meteorological  ef fects-- i .e. 

"the  year  without  a  summe r"--have  been  attributed  to  this  (see  Chapter  III), 
but  nobody  to  the  author's  knowledge  has  associated  any  characteristic 
ecological  consequences  with  vulcanism. 

Admittedly  such  comparisons  are  interesting  and  perhaps  mildly  sug¬ 
gestive,  but  hardly  conclusive.  Most  of  the  energy  of  the  major  catas¬ 
trophes  mentioned  was  kinetic  energy,  dissipated  ultimately  in  the  form 
of  heat,  which  reached  the  biosphere  slowly  or  not  at  all.  The  "coupling 
coefficient"  with  biological  systems,  for  most  of  these  cases,  is  rela¬ 
tively  small,  especially  beyond  the  immediate  area  of  destruction.  The 
various  forest  fires,  it  may  be  noted,  produced  far  more  biological  damage 
over  greater  areas  than  earthquakes  or  volcanoes  but  involved  far  smaller 
energ  ies. 

"Most  of  the  numbers  are  fairly  uncertain,  but  by  no  means  equally  so. 
We  have  mainly  given  the  geometrical  mean  of  the  likely  limits.  Thus,  if 
the  given  uncertainty  factor  is  10,  the  correct  figure  is  presumably  some¬ 
where  in  the  range  between  10  times  larger  and  10  times  smaller  (i.e.  1/10). 
For  uncertainties  less  than  a  factor  of  2  it  is  more  convenient  to  express 
the  range  in  terms  of  per  cent,  hence  the  given  number  may  be  thought  of 
as  the  arithmetical,  rather  than  the  geometrical,  mean  of  the  limits. 

'"“Total  energy  dissipated  would  be  much  larger. 
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T!k‘  crucial  point  is  that  nuclear  weapons  effects,  especially  radio¬ 
activity,  interact  more  efficiently  with  livinq  organisms  than  energy  spent 
on  shaking  the  earth  or  moving  the  atmosphere.  From  this  standpoint  it  is 
UKzly  that  chemical  pollution,  which  will  be  discussed  subsequently,  Is  a 
better  analog  for  nuclear  attack  than  massive  natural  convulsions  such  as 
earthquakes,  volcanoes  or  storms. 


b.  Giaclat ion 

During  the  glacial  epochs  a  great  sheet  of  ice  covered  most  or  north¬ 
ern  Europe,  Canada,  and  Russia,  accompanied  by  drastically  lower  tempera¬ 
tures  ^J0°F.  on  the  average),  lower  world-wide  rainfall,  and-»over  a  period 
of  several  hundred  thousand  year$--major  changes  in  the  dominant  fauna  of 
the  temperate  zone.  Mastodons,  saber-toothed  tigers  ar>d  other  forms  dis¬ 
appeared  and  humans  emerged.  On  the  other  hand,  the  "supporting  cast"  of 
other  phyla  does  not  seem  to  have  changed  greatly.  Most  insects,  for  ex¬ 
ample,  date  back  much  further.  The  only  instability  which  reveals  Itself 
to  a  superficial  retrospective  view  '.vtcerns  the  identity  of  the  dominant 
species.  Moreover,  a  major  factor  in  ivan's  triumph  seems  to  have  been  his 
lack  of  morpholoci  ca  I  special  izat  ion--t  ,e.  his  adciptabi  1  i  ty  10  .’ew  circum¬ 
stances — which  is  rather  more  suggestive  of  a  tendency  to  (biological) 
stability,  or  homeostasis,  than  the  reverse. 


c.  *  /stematic  Agriculture,  etc. 


A  number  or  civilizations  have  risen  and  fallen  as  they  discovered, 
used,  and  used  up  exploitable  resources,*^  mainly  agricultural .  Without 
contributing  to  the  argument  as  to  what  the  causal  relation?  might  be, 
it  seems  safe  to  say  >nat  these  episodes  have  often  resulted  in  major  dis¬ 
turbances  to  the  local  balance  of  nature.  The  most  recent  and  most  Impor¬ 
tant  case  has  been  the  colonization  of  North  America  by  the  white  man. 

Among  other  things,  this  process  has  involved  cutting  or  burning  about  a 
million  square  ml !e*  of  forest  (seme  of  which  has  since  re-grown),  plowing 
up  the  Great  Plains,  elimination  of  the  bison  and  the  Red  Indian,  damming 
ard  contaminating  the  rivers,  starting  and  preventing  f»r«s,  and  so  on. 

The  physical  changes  fc*ve  evidently  be<-r»  immense  In  magnitude.  Further¬ 
more,  the  stresses  imposed  by  htawr*  activity  have  been  highly  selective. 
Livestock,  wheat  and  ©th*>r  useful  animals  and  plants  have  b@*o  deliberately 
introduced  ana  cultive*§d  on  a  Urge  scale.  Klamath  weed,  Japanese  beetles, 
gypsy  moths,  chestnut  ©light  and  Dutch  Elm  disease  were  brought  ir»  Inadver¬ 
tently  and  did  much  damage.  Bison,  coyotes,  wolves  and  other  species  have 
been  virtually  eliminated--lntent  fonel  I  y ,  if  not  always  intelligently. 

Again,  the  specialized  dominant  species  has  proved  Uast  stable.*  The 
changed  balance  may  be  equally  apparent  I#  on.i  closely  er-w»ines  any  other 


*81  son  dominated  the  plains,  as  chestnut  trees  deminet  .  the  eastern 
forests.  The  same  instability  can  be  observed  among  the  dr  conifers 

spruce,  pine,  fir  and  hemlock--#*  witness  th«Sr  susceptibH  v  to  insect 
epidemics,  etc. 
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broad  class.  For  example,  pigeons,  sparrows  and  starlings  were  certainly 
not  part  of  the  bird  population  of  North  America  before  the  white  man  ar¬ 
rived,  whereas  eagles,  owls  and  hawks  were  certainly  more  common.  The  in¬ 
sect  population  mix  has  adjusted  similarly  to  the  human  presence:  cock¬ 
roaches,  houseflies,  bedbugs,  cotton  boll  weevils,  potato  bugs,  corn  borers, 
tobacco  hornworms  and  wheat  stem  sawflies  would  not  have  been  present  in 
important  numbers  in  a  random  sample  of  insects  collected  three  hundred 
years  ago  on  this  continent. 

It  seems  quite  clear,  however,  that  if  mankind  left  the  scene,  the 
landscape  a  hundred  year's  hence  would  be  almost  indistinguishable  to  any¬ 
one  but  a  specialist  from  what  it  was  when  (white)  man  first  arrived,  except 
that  wild  cattle  would  probably  dominate  the  prairies  in  place  of  bison, 
as  the  chestnut  has  already  given  way  to  the  oak  and  hickory  in  eastern 
forests.  Otherwise  it  would  be  hard  to  see  the  difference.  The  forest 
would  again  extend  to  the  Mississippi  and  grass,  to  the  mountains  beyond." 
This  is  not  mere  conjecture  or  wishful  thinking;  every  time  man  relaxes 
his  pressure,  the  process  of  reversion  begins.  The  configuration  of  the 
ultimate  "clicax"  ecosystem  is  implicit,  like  a  controlling  blueprint  even 
in  an  early  transitional  stage.  The  cyclic  transition  from  cultivated 
annuals  to  hardy  annuals  (weeds),  to  hardy  perennials  to  shrubs,  fast¬ 
growing  softwood  saplings,  and  finally  slow-growing  long-lived  hardwood 
giants  (even  the  seeds  of  which  may  not  have  been  present  in  the  field 
when  the  process  began)  does  not  depend  much  apparently  on  the  particular 
species  represented — although  there  will  be  local  variations — but  on  gen¬ 
eralized  characteristics  shared  within  fairly  wide  limits  by  a  large  num¬ 
ber  of  species. 


d.  Estab 1 i shment  of  New  Species 

This  phenomenon  has  also  been  touched  on  previously.  Several  examples 
are  listed  and  discussed  in  the  attached  Table  4-8.  They  are  roughly  of 
two  sorts.  One  sort  consists  of  cases  where  the  invader  competed  directly 
against--and  replaced — an  established  species,  e.g.  as  the  brown  rat  re¬ 
placed  the  black  rat,  or  as  Homo  sapiens  replaced  Cro-Magnon  man  (who  had 
replaced  Neanderthal  man).  It  could  be  said  that  the  new  species  took 
over  a  pre-existing  "niche"  in  the  ecosystem  without  greatly  disturbing 
the  occupants  of  neighboring  niches.  It  is  clear  that  this  replacement  is 
a  characteristic  of  evolutionary  development  and  must  occur  quite  frequently. 

In  other  cases  it  apDea-'s  new  niches  had  to  be  created  or,  in  a  manner 
of  speaking,  unoccupied  ones  were  occupied  for  the  first  time.  Ripples  of 
successive  adjustments  and  readjustments  were  felt  by  species  (ecologically) 
quite  remote  from  the  source  of  the  di  sturbc.ice.  Several  examples  of  this, 
giant  snail,  water  hyacinth,  and  rabbit  have  been  described  in  detail  by 

“As  a  point  of  interest,  the  mechanism  which  favors  grasses  over  trees 
in  drier  areas  is  probably  fire:  woody  plants  require  many  more  years  to 
get  established  than  grasses.  Rigorous  and  probably  ill-advised  fire  sup¬ 
pression  in  dry  areas  of  Texas  have  already  created  millions  of  acres  of 
mesquite  and  chapparal  on  land  which  was  formerly  suited  for  grazing 
(sect i on  6) . 
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|nger5oll.  ^  In  no  case  we  have  seen*  however,  did  the  chain  of  succes¬ 
sive  interspecies  interactions  result  in  a  more  violent  adjustment  at  th:-: 
end  of  the  chain  than  at  the  beginning  i.e.  the  disturbance  was  not  am¬ 
plified.  This  is  an  observation  which  will  occasion  little  or  no  surprise 
among  biologists;  yet  it  is  just  the  opposite  of  what  we  think  of  as  a 
chain  reaction  (£e  the  atomic  bomb).  In  every  case  we  have  studied,  bio¬ 
logical  perturbations--or  ripples--caused  by  the  appearance  of  new  species 
are  rapidly  smoothed  out.  The  altered  balance  differs  from  the  original 
mainly  in  that  the  identity  of  the  components  is  slightly  changed.  The 
respective  roles  of  the  larger  functional  groups — families,  orders  and 
phyla — tend  to  remain  surst ?^t ia 1 1 y  unchanged.  The  ecosphere  is  evidently 
quite  stable  with  respect  to  this  kind  of  disturbance. 


e .  C hem ical  Pollution 


Abstractly  considered,  as  remarked  previously,  ecological  imbalances 
resulting  from  indiscriminate  injection  of  various  toxic  chemicals  into 
the  environment  might  be  the  best  available  ar.alogs  for  purposes  of  poten¬ 
tial  consequences  of  nuclear  war. 

Effects  of  chemical  pesticides  on  plant  and  animal  communities  have 
been  a  prine  topic  of  public  concern  in  recent  years,  especially  since  the 
publication  (1962)  of  Rachel  Carson's  book  Silent  Spring  and  subse- 
quent  (1963)  Hearings  before  the  Senate  Committee  on  Government  Operations. 
Numerous  case  histories  have  been  cited,  but  among  the  most  dramatic  are 
the  large-scale  spraying  episodes  summarized  in  Table  4-9. 

Probably  the  most  notable  thing  about  the  cited  programs— espec ial 1 y 
in  the  fire  ant  "eradication"  campaign— was  that  despite  the  comparatively 
huge  quantities  of  poison  used,  the  insect  targets  were  not  in  fact  erad¬ 
icated:  two  years  ’ater  all  the  pests  in  question  were  back  in  large  num¬ 
bers.  (Large-scale  spraying  projects  have  been  largely  discontinued  since 
1959,  due  tc  the  inconsiderable  benefits,  and  considerable  ancillary  damage, 
which  they  produced.)  However,  the  insecticides  in  question  decay  very 
slowly,  if  at  all  (the  analogy  with  Sr-90  or  Cs-137  is  curiously  apt),  and 
continue  to  be  present  in  sublethal  quantities  in  pond  waters,  soil  organ¬ 
isms,  earthworms,  grubs  and  so  forth.  There  is  continuing  stress  on  certain 
species  of  animals  higher  in  the  food  chain,  e.g.  birds  and  fish,  which  . ?em 
to  accumulate  unusual  quantities  of  the  chemicals  in  their  bodies,  partic¬ 
ularly  the  fatty  tissue  around  the  liver.  In  addition  to  verified  direct 

bird  and  fish  mortality  above  90%  in  some  cases, the  breeding  rates  of 
some  species  of  birds,  e.g.  woodccck,  Bobwhite  quail  and  wild  turkeys,  dropped 
drasticaMy.  Since  the  sprayed  area  is  a  winter  breeding  ground  for  wood¬ 
cock  (among  others)  from  the  whole  of  North  America,  the  ecological  effects 
are  not  restricted  to  the  locality  where  the  poison  wa:»  used. 

One  apparent  result  uv  ’he  pr!vgr?m  to  eliminate  the  fire  ant  was  a 
st«rt:*ng  increase  In  pest,  of  suga>  cane,  although  the  ecological  mechan¬ 
ic  is  obscure.  55  Although  this,  as  well  as  the  other  side  effects  men¬ 
tioned  above,  was  presumably  tempora/y,  the  most  notable  long-term  conse¬ 
quence  of  continued  chemical  spraying  is  probably  the  disruption  of  natural 


Table  4-9 
Large-Scale  Spraying 
Quantity  Extent 

Date  &.  P  ace  Poi  son  I bs/acre  (acres)  Ta rget 
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biological  controls  on  pest  species--particular1y  in  the  case  of  the  gypsy 
moth — coupled  with  an  increasing  immunity  to  the  chemicals  themselves.  1J6 


Another  notable  example  of  chemical  pollution  of  the  environment  oc¬ 
curred  as  a  result  of  the  use  of  various  lethal  gases  such  as  chlorine, 
phosgene,  diphenylchlorars ine  and  diphenylcyanarsine  in  World  War  i.  the 
areas  involved  in  gas  attacks  were  sometimes  fairly  extensive,  e.g.  50 
square  miles.  There  was  also  a  disastrous  explosion  at  the  German  depot 
on  Luneberg  Heath  which  resulted  in  considerable  contamination  of  the  su~- 
rounding  area J 37 

Damage  to  plants  in  the  above  instances  was  relatively  temporary.  There 
was  some  defoliation  of  trees,  for  example,  but  roots  were  not  affected  and 
regrowth  followed. 


A  study  of  the  potential  environmental  hazards  associated  with  chemical 
weapons  concluded  that  in  the  absence  of  experimental  evidence,  expected 
damage  would  he  analogous  to  that  from  a  fire.' ™  One  important  difference 
is  noted:  whereas  reseeding  is  often  favored  by  fires  which  consume  under¬ 
brush  and  litter,  leaving  a  mineral  bed,  this  would  not  necessarily  be  true, 
for  example,  of  forests  destroyed  by  chemicals.*  Reseeding  might  be  delayed 
until  standing  snags  decayed  and  fell,  providing  good  seedbeds  for  species 
such  as  spruce  (see  section  6  of  this  chapter). 


Ecological  consequences  of  oollution  caused  by  industrial  wastes  have 
also  been  studied  exterisi vely J 39  "Smog,"  the  irritating  brew  of  hydro¬ 
carbons,  sulfur  dioxide,  and  atmospheric  oxygen  and  nitrogen,  created  in 
the  atmosphere  by  the  photochemical  action  of  the  s.;n's  rays,  is  known  to 
damage  plants  and  other  animals  as  well  as  humans.  (The  decline  of  the 
California  citrus  industry  is,  in  part,  due  to  the  effects  of  Los  Angeles 
smog.)  The  prime  example  of  this  kind  of  pollution  is  probably  the  so- 
called  Tennessee  Copper  Basin  (of  which  carbon  copies  can  be  found  in 
Montana  and  elsewhere),  where  sulfur-containing  fumes  from  copper  smelt¬ 
ing  have  killed  off  all  vegetation  and  inhibited  regrowih  in  nearby  areas 
for  a  number  of  decades.  As  a  result  the  land  has  eroded  so  badly  that 
reforestation  is  now  extremely  difficult  and  expensive,  if  not  impossible. 
Ingersoll  has  discussed  the  Tennessee  case  in  considerable  detail. 
Ecological  consequences  beyond  the  area  of  direct  damage,  however,  appear 
to  be  minimal . 

Chemical  wastes  Injected  into  streams  by  sewage  disposal  plants,  chem¬ 
ical  plants,  paper  mills  and  other  industrial  activities  have  detrimentally 
affected  marine  life.  The  presence  of  large  quantities  of  chemical  wastes 
tends  to  cause  de-oxygenation,  whence  aerobic  forms  of  life  cannot  survive. 
From  progress  mace  in  isolated  cases,  however,  it  seems  clear  that  once 
the  cause  of  the  problem  U  eliminated  the  streams  tend  to  revert  quickly 
to  normal . 

W *  »re  forced  to  r’.e  conHu.ion  that  even  relatively  subtle  and 
insidious  disturbances  to  tr.e  environment,  created  by  the  presence  ot 


“Or  by  radiation,  disease  or  insects. 


H I  *5 ! 8 - R R 


4"84 


substantial  quantities  of  a  variety  of  toxic  chemical  substances  which 
are  riot  present  in  "nature,"  are  seldom,  if  ever,  responsible  for  perma¬ 
nent  alterations  in  its  balance.  In  fact,  once  the  environmental  irritant 
or  insult  is  removed,  the  original  balance  of  nature  (or  one  virtually  in¬ 
distinguishable  from  it)  tends  to  be  quickly  restored  unless  the  physical 
substrate  has  meanwhile  been  severeiy  damaged  as  was  the  case  in  the  Ten¬ 
nessee  Copper  Basin. 

It  has  been  suggested  recently,  however, that  widespread  industriali¬ 
zation  and  combustion  of  fossil  fuels  (and,  possibly  the  effects  of  a  nu¬ 
clear  war)  may  be  permanently  altering  the  composition  of  the  atmosphere  in 
an  unfavorable  way.  The  balance  between  free  oxygen  and  CO2  is  normally  -de¬ 
termined  by  the  metabolic  processes  of  green  plants,  which  utilize  carbon 
dioxide,  and  animals,  whicn  consume  oxygen.  If  plant  growth  is  inhibited  on 
=»  glonal  scale,  e.g.,  by  widespread  chemical  cr  radiological  pollution  or  by 
alteration  of  the  energy  balance  of  the  earth  (Chapter  III  and  Appendix  C), 
the  ultimate  result  could  bs  a  reduction  in  the  amount  of  free  oxygen  in 
the  atmosphere.  Combustion  processes  further  reduce  the  available  oxyger. 
supply.  If  is  possible  that  such  a  perturbation  would  be  se 1 f-compensat ing 
if  a  chan_,e  in  the  CO2  level  should  stimulate  more  rapid  plant  growth.  It 
is  not  unlikely  the',  in  the  absence  of  contrary  inf luences,  such  a  homeostatic 
mechanism  actually  exists.  However,  there  are  other  factors  affecting  the 
rate  of  plant  growth  which  could  conceivably  modify  the  operation  of  such  a 
mechanism.  For  example,  a  decrease  in  world-wide  average  temperature  could 
conceivably  reduce  the  over-all  rate  of  plant  growth  and  the  associated  rate 
of  free  oxygen  production.* 

This  discussion  would  be  incomplete  without  some  mention  of  the  impor¬ 
tance  of  the  concept  of  "approach  to  stable  equilibrium,"  or  hemcostasi s. 
in  biology.  The  notion  ha;  appeared  and  reappeared  throughout  this  volume, 
and  particularly  in  the  present  section.  A  statement  of  the  principle  of 
equi I ibr iation  for  biology  goes  back  at  least  to  Herbert  Spencer  (1864). 
although  its  re incarnat ions  v<  e  always  somewhat  vaguely  worded  and  un¬ 
suited  for  predictive  purposes  until  Lotka's  careful  analysis  of  conditions 
and  scope  of  validity. '42 

As  lotka  essentially  showed,  it  is  difficult  to  state  a  biological 
equilibrium  principle  whicn  is  invariably  correct  witnout  being  ambiguous, 
or  rigorous  in  the  sense  of  being  derivable  from  first  principles,  without 
at  the  same  time  being  tautological:  saying,  in  effect,  "A  stable  equilib¬ 
rium  is  a  stable  equilibrium,"  However,  many  biologists  have  recognized 
that  in  a  broader,  less  triv,al  for  mu lat ion,  such  a  principle  Is  statisti¬ 
cally  vnl!d,  i.e.,  that  a  deviation  from  equilibrium  almost  invariably 
gives  rise  to  a  chain  of  cause  and  effect  which  tends  to  counteract  the 
change,  as  an  attack  by  microbes  stimulates  antibody  product  ion.  This 


comp*.  . «. .  of  the  problem  is  •  I  Just  rated  by  the  fact  that,  if 

thi *  happened,  the  CO p  I *- ve I  would  presumed ?v  rise  and  warm  up  the  atmos¬ 
phere  via  the  "Greenhouse  Effect." 
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phenomenon  might  be  termed  quasi-stabi i i ty,  Closer  analysis  reveals, 
moreover,  that  the  rare  exceptions  to  this  rule  (vicious  cycles)  often 
have  an  evolutionary  finctivjn.  Thus,  a  tiny  percentage  of  spontaneous 
mutations  prove  to  have  useful  survival  characteristics,  although  the 
vast  majority  are  deleterious  and  fail  to  reproduce  or  propagate.  In 
fact,  the  observed  (quasi)  stability  of  biological  systems  (e.g.,  species) 
may  well  be  the  obverse  aspect  of  the  "law  of  natural  select  Jon" --which 
eliminates  the  unfit  and,  as  a  corollary,  preserves  the  well-adapted. 


The  connection  between  stability  and  evolution  has  been  emphasized 
by  W.  Ross  Ashby,  who  points  out  that  "what  survives  in  a  vigorous  world 


must  be  homeostat 
ical ly  enormously 


ic  in  its  reactions;  and  the  ability  to  behave  homeostat- 
increases  a  system's  chance  of  survival  ."^3 


The  same  author  has  also  emphasized  the  relationship  between  homeo¬ 
stasis,  as  a  generalized!  characteristic  of  complex  systems  and  the  modern 
theory  of  communication  developed  by  Shannon  and  Weaver.  The  transmis¬ 
sion  of  a  signal,  obscured  by  "noise,"  through  a  communication  channel  is 
homologous  to  the  concept  of  a  self- regulating  system  in  the  presence  of 
perturbing  external  influences.  In  the  former  cases,  of  course,  the  sig¬ 
nal  is  highly  structured  and  all-important,  whereas  in  the  latter  cases 
the  "signal"  is  simply  a  constant  value  of  some  parameter  (e.g.  body  tem¬ 
perature  in  an  organism  or  relative  abundance  in  an  ecosystem).  Nonethe¬ 
less,  the  ability  of  a  sel f-regu‘ating  system  to  compensate  for  perturba¬ 
tions  is  formally  equivalent  to  the  capacity  of  a  channel  to  transmit  a 
signal  through  noise.  ^5  Ashby  believes  that  In  highly  complex  systems 
such  cd  the  brain,  the  digital  computer,  and  presumably  the  biosphere, 
there  will  exist  "all  sorts  of  complex  stabilities"  and  that  these  may 
be  of  more  interest  than  the  "degenerate"  stabilities  of  simple  mechanisms. 


The  gist  of  the  last  several  paragraphs  has  been  that  the  general 
applicability  in  biology  of  the  concept  of  homeostasis  is  generally  ac¬ 
cepted  today,  whether  the  basis  for  it  is  taken  to  be  thermodynamics, 
mechanics,  statistical  comnun i cat  ions  theory,  or  natural  selection. 

Thus  to  the  specific  case  histories  which  we  have  actually  examined, 
can  be  added,  In  some  sense,  the  whole  literature  of  biology. 
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APPENDIX  A 
DETERMINATION  OF  QR 

The  calculation  of  Qr  involves  several  subtleties:  firstly,  radio¬ 
logical  damage  cannot,  even  approx ima te ly ,  be  classified  in  a  binary  sys¬ 
tem  (all  or  nothing),  but  there  is  a  "gray"  region  in  which  damage  is  a 
function  of  dose;  secondly,  because  the  effects  of  fallout  are  persistent 
and  cumulative  so  that  overlapping  of  fallout  patterns  from  adjacent 
groundburst  may  produce  radiation  fields  whose  consequences  are  not  a 
simple  sum  of  the  consequences  of  either  one  separately.  When  multiple 
overlaps  are  considered,  the  problem  becomes  very  complex. 

Let  us  make  the  following  simplifying  but  not  unrealistic  assumption 
that  damage  to  a  biome  caubed  by  H  +  2k  hour  doses  below  some  dose  L  is 
proportional  to  the  dose.  Any  24-hour  exposure  above  L  is  assumed  to  be 
"overkill."  The  portion  of  total  y  activity  which  contributes  to  overkill 
beyond  L  or  to  "underkill"  below  L  is  essentially  wasted.  We  shall  tenta¬ 
tively  consider  two  cases: 

L  =  500  R,  L  =  1000  R. 

Since  the  contributions  from  overlapping  patterns  are  crucial,  it  would  be 
misleading  to  try  to  estimate  from  discrete  fallout  patterns.  The  use 
of  a  log-normal  distribution  function  to  approximate  the  probability  of  a 
given  point  receiving  a  given  dose  X  h3S  been  justified  by  Everett  and 
Pugh  in  the  case  of  many  weapons  of  equal  size  dropped  at  random  into  a 
large  area , 1  i .e. : 

p(x)  dx  =  rviff  e*p  [-  **  ('"  x^j  ¥ 

where  0  and  XQ  depend  on  the  weight  of  the  attack  D,  expressed  in  KT/mi? 
(fission).  These  parameters  were  fitted  by  comparing  the  theoretical  log- 
normal  distribution  with  distributions  for  several  large  attacks,  calcu¬ 
lated  by  RAND  Corporation,  using  an  early  fallout  model."  The  Everett-Pugh 
analysis  yielded: 

02  =  ,„(  1  +  iSt  ) 

In  XQ  -  1.95  +  In  D  -  J 

where  D  is  the  density  of  fission  products,  measured  in  KT/m?2, 

Our  verbal  definition  of  Q.R  is  equivalent  to 


QR  = 


total  y-activity 
"effective"  y-activity 


"It  would  probably  be  useful  to  repeat  the  procedure  for  other  at 
tack  patterns  and  other,  more  sophisticated  fallout  models  such  o->  the 
Mill e r-OCD  mode  I . 
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whe  re 

on 

tola!  v  activity  =  ,\  J  X  P(X)dX  =  XXQea  a 

o 


effective  y-activity 


L  01 

£  j*  l  X  P  (X)dX  +  f  ^  X  P(X)dxJ  , 


where  \  is  an  unspecified  constant  of  proportionality  (which  cancels  out 
in  the  result).  On  evaluating  the  integrals  and  simplifying  the  resulting 
expression,  one  obtains: 


QR-lio*3*?).'-95 


C-l 

I  ■ 


d?-{*e-'-95r 


J  a  I 


-1 


where 

C  = 


Figure  1.3  in  the  text  (Chapter  l)  shows  Qr  plotted  numerically  over  a 
range  of  values  0,  both  for  L  =  1000  and  for  L  =  500.  We  would  claim 
that  these  approximations  are  probably  good  for  most  plausible  attacks  on 
point  targets  whose  initial  locations  depended  in  any  important  way  on  ac¬ 
cident  or  on  long  complicated  C3usal  chains  involving  chance  factors  such 
as  might  determine  the  location  of  a  city.*  On  the  other  hand,  a  delib¬ 
erate  optimization  might  reduce  the  Or  values  for  small  a; tacks  against 
areas.  It  will  be  noted  that  the  lowest  values  of  Qr  for  nigh  values  of 
D,  are  in  the  neighborhood  of  2,  which  implies  that  even  a  random  pattern 
of  bursts  can  result  in  a  fairly  efficient  overlapping.  The  potential 
room  for  decreasing  Qr  for  large  attacks  by  exploding  the  weapons  in  some 
sort  of  regular  "checkerboard"  or  grid  pattern  is  clearly  much  less  than 
a  factor  of  2  (25%  might  be  a  reasonable  guess). 

In  the  case  of  small  attacks,  considerable  improvement  in  Qr  could 
be  achieved  by  bunching  the  bursts  close  together,  but  of  course  this 
would  localize  the  damage.  It  is  very  hard  to  imagine  an  enemy  using 
1000  MT's,  for  example,  just  to  attack  the  state  of  Kansas. 

It  should  be  realized  that  the  calculated  Qr  is  sensitive  to  the 
area  covered  by  fallout  up  to  a  certain  radiation  intensity.  Fallout 
models  differ  considerably  as  regards  their  predictions  in  this  regard 
(see  Section  1,  Chapter  l).  Hence  one  major  uncertainty  is  still  dif¬ 
ficult  to  assess;  it  would  not  be  surprising  if  other  models  led  to 
curves  deviating  substantially  (perhaps  by  factors  of  2)  mainly  at  the 
low  end,  from  the  examples  given  in  Figure  1.3. 


"Topographical  features,  for  example,  are  distributed  in  a  kind  ol 
random  fashion. 
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To  adjust  crudely  for  the  revised  values  of  the  conversion  factor 

currently  taken  to  be  3700,  it  is  roughly  correct  to  multiply 

KT/ m i * 

all  doses  given  by  Fverett  and  Pugh  by  a  factor  of  3-  Recall  the  discussion 
in  Section  l,  Cnapter  I.  To  adjust  from  a  24-hour  cumulative  dose  to  a  30- 
day  cumulative  dose,  assuming  immediate  entry  into  the  field,  a  further  mul¬ 
tiplicative  factor  of  about  6/5  may  be  assumed. 2  Titus  a  1000  R  (24-hour  dose) 
is  translated  to  3600  R  (30-Jay  dose)  fo*-  comparison  with  our  system. 
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1.  H.  Everett,  G.  Pugh,  "Simp la  Formulas  for  Calculating  the  Distribution 
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2.  EMW  (1964)  p  429. 


HI-518-RR 


B-l 


APPENDIX  B 

model  for  the  optical  transmissivity  of  a  polydisperse  dusty 

STRATOSPHERE,  AS  A  FUNCTION  OF  TIME  AND  WAVE  LENGTH 
R.U.  Ayres  and  I.J.  Zucker* 


The  conceptual  problem  for  which  a  model  is  needed  is  the  following: 
at  some  initial  time,  t0,  a  iayer  of  dust  particles  with  a  known  distri¬ 
bution  of  sizes  is  injected  (by  means  which  need  not  be  discussed  here) 
into  the  isothermal**  stratosphere.  As  time  goes  on  the  particles  drift 
slowly  dow.:  at  different  rates,  depending  on  si2e,  as  governed  (on  the 
average)  by  the  Stckes-Cunningham  law,  until  they  reach  the  tropopause 
where  they  are  quickly  "scavenged1'  out  by  wind  and  rain.  Hence  the  par¬ 
ticle-size  distribution  adjusts  itself  with  time  in  two  ways:  (1)  tne 
over-all  density  decreases  and  (2)  the  relative  numbers  of  larger  parti¬ 
cles  is  depleted.  The  optical  transmissivity  for  e  given  wave  length 
depends,  in  turn,  on  the  changing  distribution. 

The  key  assumption  in  the  ".odd  is  that  at  the  starting  point,  t  ■  tu 
the  density  of  particles  in  the  dusty  layer  is  everywhere  constant  between 
the  tropopause  (altitude  hj)  and  the  str&topause  (altitude  hj)  and  that  th 
par t ic  le-size  distribution  is  independent  of  altitude  h.  Mathematically 
this  can  be  expressed  as  follows: 

T|(r , h, t*tQ)  ■  TJq  (r)  0  (h)  (I) 

where  Tj0  (r)  is  a  known  function  of  particle  radius  r  and  0(h)  is  a 
"step-function"  of  altitude 


* 


(h) 


=  (hj'hj) 

.  o 


o  <  h  <  hi 


h,  *  h  £  h2 


h2  <  h 


(2) 


The  time  evolution  of  th;  distribution  is  assumed  to  be  absolutely  (rather 
than  statistically)  determined  by  the  Stokes-Cunn ingham  equation* 


v(r .h) 


(3) 


"Battersea  College  of  Technology.  London. 

n  Other  assumptions  about  the  thermal  structure  of  t h s*  stratosphere 
are  frequently  made,  but  the  analysis  merely  becomes  more  explicated 
without  beeming  appreciably  more  i  I  lir>  inat  *ng. 
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In  this  expression  v  is  the  drift  velocity,  g  the  gravitational  constant.c* 
the  density  of  particulate  material,  (.1,  is  the  viscosity  of  the  medium, 
p(h)  the  barometric  pressure,  and  A  is  an  empirical  constant. 

Numerically,  g  is  an  absolute  constant,  equal  to  981  cm/sec^;  tiie 
density  a  can  be  taken  to  be  about  2.3  gm/cm3,  p,  is  normally  a  function 
of  temperature, 2 

H  “  1,5038  x  I0“5  —  ~-j— j-  gm  cm"  1  sec“*  (k) 

where  T  is  given  in  °C.  However,  assuming  the  stratosphere  layer  in 
question  is  isothermal,  at  a  temperature  of  -55°  C,  which  is  a  reason¬ 
able  approximation,  one  finds 

p,  =  1.416  x  10"^  gm  cm" '  sec"  ^ 


and 


A  »  4.632  x  !0‘ 3 


when  p  is  measured  in  millimeters  of  mercury  and  r  is  in  centimeters. 

The  case  of  non- i sothermo 1  layers  introduces  further  complexities  which 
v-e  shail  not  explore  here.  The  barometric  cressure  is,  of  course,  a 
function  of  altitude  (h).  Assuming  the  ICAO*  "standard"  atmosphere, 
the  tropopause  (h|)  is  at  36  k? lofeet  and  the  stratopause  h2)  is  at 
about  80  ki lofeet.  In  this  region  (36-80  ki lofeet)  the  pressure  as  a 
function  of  altitude  is  very  closely  approximated  by  an  exponential 
function 

p  (h )  =  165  exp  [-0,047{h-h|  )  ]  mm  of  Hg  (5) 

where  p  is  in  mm  of  Hg  and  h  and  h|  are  in  ksiofeet. 

The  process  of  downward  drift  of  the  upper  boundary  and  subsequent 
removal  of  particles  can  be  represented  mathematically  as  follows,  allow¬ 
ing  for  the  fact  that  the  rate  of  movement  differs  for  each  class  (i.e. , 
size)  of  particles.  Thus 

(6) 

where 

pu  o  <  b  h{  (7) 

Sth.r.t)  <  *  (hj-h;)"*  h.  h  <  -  u(r,i) 

v  *>  0  h^  -  u  ( r , tl  <  h 

Tne  distant-  u(r,t)  must  now  be  determined  from  {))  and  ($}.  Tb** 

S  t  ok«r  s  -Cunn  log  bar?  eguat  *on  can  be  thought  of  as  an  equation  for  the 
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velocity  of  the-  boundary,  as  described  above,  i.e.,  substituting  appro¬ 
priate  numbers 

v(r  ,h)  =  ^  2&  r2|  1  +  x  10'4  sxpl.0.047  (D-u)]^  (8) 

where  u  is  in  cm.  and  t  in  sec.  This  can  be  integrated  in  straightforward 
fashion  to  obtain  u(r,t) 


u(t  ,r) 


o 


I0'4  exp [0.04/ (D-u) ] 


du 


I  ,n  |  I  +  x  )0~^  exp  (0.04/0) _ 

^  Lexp(+0.047u)  +  x  10"^  exp  (0.04'/D)  ^ 


—  2.  Qd  o 

-  ,a~  r  t 
9  H 


(9) 


whence 


u(r,t)  =  (T047  ,n  1  +  x  ,0"^  exp(0.0470)S,  expj  0. 04?/ §  ^r2t~, 

'  L.  ^  _j 

-  x  10*^  exp  (0.0470)1 


CO) 


where  t  is  measured  in  seconds,  r,  u(r)  in  cm.  Converting  u(r)  to 
kilofeet,  t  to  years,  and  r  to  microns  one  obtains,  finally: 

u(r,t)  -  In  '^1  +  exp(0.047D)j  exp(j .  7?  r2t  j 

-  exp  (0.04/D)  f 


(II) 


Clearly  u(r,t)  must  not  exceed  the  thickness  0  of  the  dusty  layer 
(e.y.,  46  kilofeet),  which  puts  constraints  on  the  values  of  r  which  are 
physically  allowable  after  a  given  time  t  has  elapsed.  This  condition 
iu(r,l)  Dj  takes  the  form 


^1  ♦  exp (0.0470) j  expO.72  r2t j  -  exp(0. 0^*70) 


exp  (+0.0470) 

02) 

wlvnc*' 

t 

. L  jn  . .  r  ♦  0.2b  .  .  ' 

(H) 

I.72r2  \r  p«p(-o.u4/0)  +  0.28 

wh.>  re 

0  *  hj  *■  h) 

(14) 
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This  equation  describes  the  rate  at  which  particles  with  larger  radii  are 
depleted  from  the  dusty  layer.  The  results  ere  plotted  in  Figure  B.l.  Thus 
ore  can  read  off  the  curve  the  largest  value  of  r  still  represented  in  the 
distribution  at  time  t. 

Table  B-l 

REMOVAL  TIME  FOR  PARTICLES  OF  VARIOUS  SIZES 


r  cutoff  (microns) 


40  kilofoot 
layer _ 


60  ki lofoot 
layer 


80  ki lofoot 
layer 


.75  .85  .90 
.46  .55  .57 
.36  .40  .42 
.29  .33  .34 
.25  .28  .29 
.22  .25  .26 
.19  .22  .23 


The  intensify  I  of  light  reaching  the  lower  boundary  of  the  dusty  layer 
is  given  by 

I  *  lQ  exp  (*y  Oseciji . )  (15) 

where  i0  is  the  incident  intensity  (at  the  top  of  the  atmosphere),  y  is 
the  so  called  "extinction  coefficient,"  in  units  of  kilofeet”*,  and  Dsecift 
is  the  optical  path  length,  in  kilofeet,  where  ijr  is  the  angle  of  incidence 
(measured  from  the  normal). 


The  extinction  coefficient  y  is  defined  as  the  scattering  cross 
section  per  unit  volume:^ 

v{\,0  *  npD  |  dr  r2  Q(r,\)  J  dh  T(r,h,t) 

'•«  CD 

=  Tfp  f  dr  r2  Q(r,\)  Tj  (r)  f  dh  ®  (h,r,t) 


r  cutoff 


rrPQ  J  dr  r2  Q(r,X)  TQ(r)  jj-  uAf.i,U  J 


where  u(r,»)  Is  given  by  equation  12  and  pQ  is  the  number  density  per 
unit  volume  of  particles  (or  scattering  centers)  within  the  dusty  layer. 
A  "unit  volume"  in  this  case  may  be  taken  as  a  cylinder  one  kilofoot  in 
altitude  and  one  micron  square  (or  !0”°  cm2)  jn  cross  section.  The  ap- 
proximate  scattering  function  Q(r,0  for  non-absorhi ng  spheres  with  an 
index  of  refraction  m  has  been  derived  by  Mie4 


Vt  ( r ,  A )  * 


{'  *  t 


,  r'Sf.n  R 

\  * 


4<T 

R  c  (m-  I )  r 


where 


08) 
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for  the  case  (although  the  approximation  is  quite  useful  for  m 

as  large  as  2).  It  is  generally  reasonable  to  assjme  m  =  1.5,  typical 
of  glassy  substances.  For  purposes  of  this  model  we  shall  take  T]0(r)  to 
be  a  log-normal  distribution  function  of  the  form 

nQ(r)  (2TT)'^  (or)'1  exp£“;^7  ^ln  r/r°^J 

where  cr  «  In  2  3  0.69  and  rQ  a  1,  2,  5p  respectively.  These  choices  are 
arbitrary,  but  are  not  inconsistent  with  the  discussion  of  particle-size 
distribution  in  Chapter  !,  Section  3.  The  calculations  for  a  ^6-kilofoot 
layer  have  been  carried  out  numerically  by  one  of  the  authors  on  a  computer 
at  Battersea  College  of  Technology  in  London.  The  results  for  times  be¬ 
tween  1-5  years  are  shown  at  6-month  intervals  in  Table  B-2. 
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Table  B-2 

Extinction  Coefficient 


B-7 


(D  =  46  kf) 
rD  =  I .  00p> 

Time  in  Years 


J 

1.0 

1-5 

2,0 

2.5 

3,9 

3  *5  . 

4.0 

4.5 

5.0 

0. 

1 

0. 1438 

0. 0494 

0,0208 

0.0099 

0.0051 

0.0029 

0.0017 

0.0010 

0.0006 

0. 

2 

0. 1448 

0,0500 

0.0211 

0.0103 

0.0052 

0. 0028 

0.0016 

0.0011 

0.0007 

0. 

3 

0. 1459 

0.0511 

0.0208 

0.0105 

0.0062 

0. 0038 

0.0024 

0.0015 

0.0009 

0. 

4 

0. 1497 

0.0522 

0.0254 

0.0136 

0.0074 

0.0041 

0.0023 

0.0014 

0.  0008 

0. 

5 

0.1531 

0.0625 

0.0293 

0.0141 

0.0071 

0.0057 

0.0020 

0.0011 

0. 0006 

0. 

6 

0.1731 

0.0692 

0.0292 

0.0130 

C. 0061 

0.0030 

0.0016 

0.0009 

0. 0005 

0. 

7 

0. 1922 

0.0694 

0.0269 

0.0113 

0.0051 

0.0025 

0.0013 

0.0007. 

0.0004 

0. 

8 

0.2005 

0.0655 

0.0239 

0.0097 

0.0043 

0. 0020 

0.0010 

0.0006 

0.0003 

0. 

9 

0.1986 

0.0599 

0.0209 

0.0083 

0.0036 

0.0017 

0.0009 

o. 0005 

0. 0002 

1. 

2 

0.  iSiJO 

0.0430 

U. 0140 

0.0053 

0.0022 

0.0010 

0.0005 

0.0003 

0.0001 

1. 

5 

0. 1271 

0.0308 

0.0097 

0.0036 

0.0015 

C. 0007 

0.0003 

0.0002 

0.0001 

2. 

0 

0.0827 

0.0190 

0.0058 

0.0021 

0.0009 

0. 0004 

0.0002 

0.0001 

0.0001 

2. 

5 

0.0566 

0.0126 

0.0038 

0.0014 

0.0006 

0. 0003 

0.0001 

0.0001 

0.0000 

3- 

0 

0.0408 

0.0090 

0.0027 

0.0010 

0.0004 

0.0002 

0.0001 

0.0000 

0. 0000 

X 

rQ  »  2.00ii 

Time  in  Years 

rQ  *  5.  OOp. 

Time  in  Years 

1.0 

l-5_ 

2.0 

2.5 

3.0 

1.0 

1.5 

2.0 

0.  1 

0.0341 

0.0083 

0.0027 

0.0011 

0.0005 

0.0013 

0. 0002 

0.0000 

0.2 

0.0343 

0.0084 

0.0027 

0.001! 

0.0005 

0.0013 

0.C002 

0.0000 

0.3 

0.0343 

0.0086 

0.0026 

0.0010 

0.0005 

0.0013 

0. 0002 

0.0000 

0.4 

0.0352 

0.0082 

0.0031 

0.0014 

0.0007 

0.0014 

0.0002 

0.0000 

0.5 

0.0337 

0.0101 

0.0038 

0.0016 

0.0007 

0.0012 

0. 0002 

0. 0001 

0.6 

0.0384 

0.0117 

0.0040 

0.O015 

0.0006 

0.C013 

0.0003 

0.0001 

0.7 

0.0447 

0,0122 

0.0038 

0.0013 

0.0005 

0.0016 

0.0003 

0.0001 

0.8 

0.0485 

0.0118 

0.0034 

0.0011 

0.0004 

0.0018 

0.0003 

0.0001 

0.9 

0.0495 

0.0110 

0.0030 

0.0010 

0.0004 

0.0019 

0.0003 

0.0001 

1.2 

0.0432 

0.0081 

0. 0020 

0.0006 

0.0002 

0.C0I8 

0.0002 

0. 0000 

1.5 

0.0340 

0.0058 

0.0014 

0.0004 

0.0001 

0.0014 

0.0002 

0.0000 

2.0 

0.0225 

0.0036 

0.0008 

0. 0003 

0.0001 

0.0010 

0.0001 

0.0000 

2.5 

0.0155 

0.0024 

0.0006 

0.0002 

0.0001 

0.0007 

0.0001 

0. 0000 

3.0 

0.0112 

0.0017 

0.0004 

0.0001 

0.0000 

0.0005 

0.0000 

0. 0.100 
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APPENDIX  C 

EFFECTS  OF  STRATOSPHERIC  ATTENUATION  ON 
THE  HEAT  BALANCE  OF  THE  EARTH'S  SURFACE 


Table  C- I ,  compiled  by  Kondrat 'yev *  and  reproduced  below,  indicates  the 
relative  importance  of  various  major  energy  exchange  processes  affecting 
the  ther  lal  balance  of  the  earth.  Taking  the  estimates  of  Budyko,  Yudin 
and  T.G.  Berlyand  (in  the  first  column)  as  a  basis  for  calculation,  the 
situation  can  be  summarized  briefly  in  terms  of  inputs  and  outputs. 

Table  C-l 


Components  of  the  thermal  balance  (%) 


Ref.  2 


Received  at  the  upper  boundary  of  the  atmosphere 
Reflected  from  clouds  into  space 
Reflected  into  space  by  atmospheric  scattering 
Absorbed  by  clouds 
Absorbed  by  the  atmosphere 

Solar  radiation 
Radiation  reflected  by 
the  earth's  surface 

Reaches  earth's  surface; 


As  direct  solar  radiation 

30 

30 

As  diffuse  radiation 

18 

17 

Absorbed  by  the  earth's  surface; 

Direct  solar  radiation 

27 

24 

11 

27 

Diffuse  radiation 

16 

23 

34 

16 

Reflected  from  earth's  surface; 

Oirect  solar  radiation 

3 

3 

Diffuse  radiation 

2 

1 

Thermal  radiation 

Total  thermal  radiation  of  the  atmosphere 

Including: 

151 

146 

Radiation  into  space 

Atmospheric  emission  reaching  the 

55 

66* 

48 

50 

earth's  surface 

96 

105 

96 

Thermal  emission  of  the  earth's  surface 

Including: 

l»6 

119 

120 

Absorbed  by  the  atmosphere 

108 

112 

Radi  at  ion  into  space 

8 

17 

8 

Net  radiation  of  the  earth's  surface 

Other  components  of  thermal  balance 

Turbulent  heat  transfer  from  the  earth's  surface 

20 

14 

23 

24 

to  atmosphere 

4 

10 

-4 

Latent  heat  of  condensation  (or  evaporation) 

19 

23 

23 

Including  thermal  rad. at  ion  from  the  earth's  surface, 


w 


HI-518-RR 


Table  C-2 

Atmosphere 

Short-Wave  Long-Wave 
(SW)  (LW) 

Radiation  Radiation 

Other  Processes  (OP): 
Convection;  Turbulent 
Transfer;  Evaporation; 
Condensation 

Energy  Income 

(units) 

100 

108 

23 

Energy  Outgo 

(units) 

80 

151 

0 

Net  (units) 

+20 

-43 

+23 

Table  Q-3 

Surface  of  the  Earth 

_$k_ 

_LW_ 

_SL_ 

Energy  income 

(uni  ts) 

48 

96 

0 

Energy  Outgo 

(uni ts) 

5 

116 

23 

Net  (units) 

+43 

-20 

-23 

The  balance  for  the  earth-atmosphere-space  system  as  a  whole  can  be  deduced 
from  the  above,  i ,e. , 


Energy  Income  (units) 
Energy  Outgo  (units) 
Net  (units) 


Tahle  C-4 
Earth  -  Space 

_SiL  _L)sL  _ QP 

100  0  0 

37 _ 63 _ 0 

+63  *63  0 


The  question  now  arises:  Suppose  an  incremental  change  in  the  earth's  re¬ 
flectivity  of  optical  wave  lengths  (albedo)  is  imposed,  e.g.  by  creating  a 
layer  of  dust  in  the  stratosphere.  Net  $W  income  (Table  C-3)  would  then  be 
reduced  by  some  factor  l-«j,  and  the  entire  system  of  energy  flows  would  have 
to  adjust  itself  to  maintain  a  net  (tw)  outgo  equal  to  the  reduced  net  (SW) 
income.  The  various  transfer  mechanisms  would  not,  presumably,  scale  exactly 
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in  proportion  to  Cj.  Therefore,  assume 

e2  =  fractional  (negative)  change  in  LW  emission  from 
atmosphere 

e^  =  fractional  (negative)  change  in  LW  emission  from 
earth's  surface 

e^  =  fractional  (negative  or  positive)  change  in  other 
processes,  especially  evaporation/condensation 

The  conservation  equations  expressing  the  balance  of  income  and  outgo 
for  the  atmosphere  and  the  earth,  separately,  are 

0  -  20(1  -e, )  -  151  (l“6o)  +  1 08 ( 1  “ e 3 )  +  23 0“e4>  (1) 

=  -20e,  +  1 5 le2  -  I08e3  -  23^ 

0  =  43 (l-e | )  +  96 (1  ” e ^ )  -  H6(l-e3)  -  230  -4)  (2) 

=  -43ej  -  96e2  +  1 1 6e^  + 

Summing  (l)  and  (2)  gives  the  conservation  equation  for  the  entire  system 

0  =  -636,  +  55e2  +  8e3  (3) 

We  have,  in  effect,  two  relations  involving  three  unknown  quantities.  A 
third  equation  involving  e2,  and  would  be  sufficient  to  determine 
all  the  variables.  Such  an  equation  could  be  obtained,  in  principle,  by 
expressing  ail  the  emission  and  absorbtion  rates  as  functions  of  a  single 
parameter,  e.g.  temperature,  and  then  comparing  the  magnitudes  of  the 
variations  of  each  function.  Thermal  radiation  from  the  ground  is  fairly 
accurately  approximated  by  the  "black  body"  law 

F  *  cTq4  (4) 

where  Tq  is  the  absolute  temperature  of  the  ground.  Other  heat  transfer 
processes  are  more  complicated,  however.  For  example,  the  atmosphere  is 
not  a  "black  body,"  due  to  selective  absorbtion  of  some  Infra-red  wave 
lengths  by  C02  and  water  vapor.  The  most  common  version  of  the  empirical 
Angstrom  equation,  describing  radiation  fluv  from  a  clear  sky,  is  equiva¬ 
lent  to^ 


F  -  0.95  aTA4  [0.194  ♦  0.236  exp (-0. 8w) j  ♦  o(Tc4  -  TA4)  (5) 

where  TA  is  the  air  temperature  two  meters  above  the  ground  surface,  and 
W  is  the  mass  of  water  vapor  in  the  atmosphere  In  a  vertical  cylinder  of 
I  cm2  cross-section.  The  latter  quantity  is  implicitly  temperature  de¬ 
pendent  in  a  complicated  way.  Actually  (5)  is  unsat i sfac tory  on  grounds 
quite  apart  from  the  fact  that  it  does  not  take  into  account  the  influ¬ 
ence  of  clouds. ?  There  is  no  simple  but  adequate  empirical  equation 
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available.  Much  the  same  can  be  said  of  the  relations  governing  convec¬ 
tive  or  turbulent  heat  transfer  and  evaporat 'on/con  v.  tsat  ion  phenomena. 

Sn  the  absence  of  c’earcut  empirical  (or  theoretical)  equations  we 
must  resort  to  a  rather  inelegant  heuristic  argument.  The  average  equi¬ 
librium  temperature  of  the  atmosphere  is  somewhat  lower  than  th3t  of  the 
earth's  surface,  because  (disregarding  details)  the  SW  energy  income  from 
the  sun  must  be  balanced  by  a  net  outward  flow  of  heat.  This  in  turn  im¬ 
plies  a  negative  average  temperature  gradient  whose  magnitude  varies 
smooth ly^nd  monotonical  ly  with  absolute  temperature  (e.g.  of  the  earth's 
surface) w  Let 

e2  =  X  (e  j  )e^  (6) 

where  X  is  a  proport ional i ty  factor  which  is  presumable  less  than  unity. 
Solving  for  e2,  and  one  obtains: 


4  \  8  +  55X  ) 


(9) 


It  can  be  seen  that,  if  X(e|)  £  0.92,  becomes  negative  implying 
an  actual  increase  in  convection  and  evaporation.  This  might  seem  some¬ 
what  surprising,  at  first  glance,  in  view  of  the  fact  that  convective 
transfer  is  essentially  proportional  to  temperature  grad  ion f-wh i ch  one 
tends  to  assume  would  be  smaller  if  over-al’  radiativ;’  h  a;  I  sses  were 
cut.  Evaporation  rate  is  a  function  of  the  difference  D. tween  ambient 
temperature  and  the  dew  point.  If  ambient  temperature  is  reduced,  then 
evaporation  rate  must  also  decrease  unless  the  average  humidity  declines 
still  faster.  But  lower  average  humidity  would  be  associated  either  with 
lower  average  evaporation  rate,  or  with  higher  precipitation  rate  (i.e. 
more  rapid  turnover  of  the  water  vapor  in  the  atmosphere).  To  the  extent 
that  prec ip i tat i on  probability  depends  on  high  (rather  than  low)  average 
humid i ty--wh ich  is  certainly  one  factor  involved,  though  lot  the  only  one-- 
increased  average  evapor  tion  at  lower  average  ambient  temperature  ti.e, 
negative  e^}  seems  contradictory.  On  the  basis  of  qenerat  heuristic  argu¬ 
ments,  then,  it  appears  likely  that  X  (e  j )  will  be  found  the  range; 

0.92  <  X  <  1.0  (10) 


Since  extremes  see"1  to  be  excluded  for  physical  reayws.  it 
Seems  reasonable  to  assu'e  that  X  tends  to  avoid  them  equally,  ,.hich 
suggests  the  vahi^ 

x  3  0.96  nil 


*This  is  a  very  gross  aoproximat ion.  Actually,  there  ire  three  distinct 
regions  below  the  ionosphere;  (a)  up  to  the  tropopaust*  (12-1$  km)  the  gradient 
is  negative,  (b)  between  the  t  rnpopause  and  the  st  ratopaus*  (.  SO  km)  it  is 
positive,  (c)  between  the  suatopcase  and  thy  mesopause  (..  80  w  )  it  is  nega¬ 
tive  again.  However.  90  of  the  atmosphere  Is  in  the  t ropospherr. 
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Since  the  derivation  is  clearly  far  from  rigorous,  there  may  well  oe 
some  subtle  flaw  in  the  argument.  In  particular,  precipitation  may  in¬ 
crease  due  to  an  increased  amount  of  meridional  mixing  of  air  masses, 
arising  from  increased  N.S.  temperature  gradients.  It  would,  therefore, 
be  dangerous  to  rely  too  strongly  on  (II). 

As  regards  temperature,  above,  the  exact  value  of  X  is  not  very  criti¬ 
cal.  It  is  clear  from  (8)  that  e^  ~  ej  provided  only  that  X  I ,  whence 


(12) 


Thus  a  change  of  10%  in  net  SW  radiation  income  (total  incident  radiation 
less  the  fraction  immediately  scattered  or  reflected  back  into  space)  re¬ 
sults  in  a  2.57  change  in  average  absolute  temperature  on  the  ground. 


The  convection-evaporation  picture  obviously  changes  radically  with 
different  assumed  values  of  X,  as  is  shown  by  Figure  C.l.  A  value  of  X  >  !  . 1 1 
results  in  a  ratio  e^/e j  >  1  while  a  value  of  X  <  0.92  results  in  a  negative 
e/4,  as  mentioned  previously. 


The  quantum  of  energy  assorted  with  a  photon  of  frequency  v  is  given 
by  Planck's  law: 


t  «  hv 


03) 


Hence  the  calculation  of  e|  (which  is  a  measure  of  the  change  in  energy 
inout)  is  most  conveniently  carried  out  if  the  solar  spectrum  and  the 
attenuation  factor  are  expressed  in  terms  of  frequency  v,  rather  than 
wave  length  A,  e.g.  at  latitude  8  (tf.  or  S.)  and  rotational  phase  angle  cp 
measured  from  the  zenith 

ce 

e |  ( t , 9 , cp)  w  cos  9  cos  cp  f  $(v)  I  (v.t,  6)  dv  (Cal/cm^)  (14) 

o 


The  intercity  I,  allowing  for  enhanced  scattering  by  a  dusty  layer  in 
the  stratosphere .  is  given  by 


t(v\?,0,y)  «  I  exp[*v(v,  t)  Dsec8  sectp]  (15) 

where  v(v,t)  is  obtained  fro,  y(>,t)  by  substituting  the  relation 

A  -  5  06) 

iince  the  processes  of  abtorbtio*  and  re-em:s»ivn  of  IW  radiation,  as 
well  os  evaporation  anu  convection,  have  already  been  taken  into  account 
in  deriving  ep.  e»  ond  it  *s  reasonable  to  assume  the  extraterrestrial 
form  of  S(v),  -si  shown  in  figuie  C  .2 .  ® 


lEQUENCY^  0 
microns’  )  r 

iVELENGTH  \  (microns)^ 
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One  should  now  average  over  the  sunlit  hemisphere  of  the  earth,  i.e. 

Y2 

»  ^2  J  d8  cos2  9[l-exp  (-yDsecGseccp)  ] 

e | ( t )  *  io  J  dv$(v)J  dcp  cos  cp  — -  — — zrrr - r-r  -  —  - 07) 


I, 


«  m  n/2 

dvS{v)J  dcpcoscp  I  d9  cos^  9 
o  o  o 


An  exact  analytic  evaluation  of  the  integrals  over  9, cp,  is  difficult  to 
obtain,  and  a  Taylor  series  expansion  of  the  integrand  in  powers  of  yD 
diverges.  When  both  9  and  cp  are  near  zero  we  have,  to  a  first  approxi¬ 
mation 

l  -  exp (-yOseccp  sec9)  ■  yDseccp  secG  (>8) 

provided  yD  itself  is  fairly  small.  However,  when  either  cp  or  9,  or  both, 
approaches  TT/2  one  can  neglect  the  exponential,  i.e. 

1  -  exp  (-yDseccp  sec9)  s  l  (19) 

provided,  this  time,  that  yD  is  not  too  small.  Hence,  dividing  the  cp, 8 
space  into  four  regions, 

0  <  cp  <  cp,  0  <  8  <  TJ 

0  <  cp  <  cp,  9<8<  TT/2 

cp  <  cp  <  TT/2,  0  <  8  <  Ti 

cp  <  cp  <  TT/2 ,  0  <  9  <  n/2 


The  cross-over  points  clearly  depend  on  the  magnitude  of  yD. 


f  dvS (v)y (v)  _  - 

a  u  J  J 


f  dvS(v) 


J  dcp  J  d8  cos  9 
o  o 


o 


\T 

n/2 

$ 

TT/2 

dcp  cos 

cp  f  d9  cos  8 

+  dcp  cos 

cp  P  d9  cos  8 

-* 

V 

0 

w 

0 

9 

I  $  Sin 


f  dvS(^)y(v) 


in  3  D 


CD 

* 


♦  1  -  ^  F  sin  cp  -  §  sin  $  s;n  0  co:  8  (20 ) 


|  dvS(v) 


j 

o 
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It  can  be  verified  by  inspection  that  the  correction  terms  in  all  four  re¬ 
gions  are  negative,  which  means  the  above  approximation  is  an  upper  bound 
to  the  true  result.  Hence,  the  optimum  choices  for  cp,  9  will  be  such  as 
to  minimize  the  above  expression.  Setting  the  appropriate  partial  deriva¬ 
tives  equal  to  zero  in  the  usual  way,  one  easily  obtains  the  two  relations: 


coscp 


TT  sin  9 

2  (9  +  sin"£  cos!?) 


(21) 


cos9  ■ 


JL# _ _ 

4  sin  co 


(22) 


where  it 


is  convenient  to  introduce 
00 

r  dvS (v)y(v) 
o 


the  notation: 


r  ^  s(\)Yo) 


H  =  0 


f  dvS(v) 

v 

o 


(23) 


M  being,  of  course,  a  d imens ion let s  quantity.  These  can  he  solved  explicit¬ 
ly  or.ce  the  indicated  integrations  are  carried  through  (numerically).  The 
solutions  of  equations  (20),  (21),  (22)  for  U,  cp  and  e|  are  shown  in  Table  C-5 
and  Figure  C.4  for  a  range  of  values  of  M. 


Table  C-5 


Vft  1  USJL StfJl 8  Mm  sL 


M  :  O.CI 

0.03 

0.1 

0.3 

9  :  1.559 

1.535 

1.455 

1.255 

g  :  1.560 

1.541 

1.473 

1.280 

^(e.g.M);  0.020 

0.059 

0.192 

0.5)7 

As  the  results  indicate,  9  is  consistently  almost  equal  to  g  and  e}  i . 
very  nearly  given  oy 

e,a  2H 

except  for  a  slight  "tai I ing-off"  for  larger  values  of  M  (where  the 
approximation  begins  to  be  suspect). 


(2  A: 
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The  last  step  is  to  evaluate  M.  Values  of  y/p0  for  three  cases  of  in¬ 
terest  have  already  been  calculated  for  various  wavelengths  (or  frequen¬ 
cies)  and  times  (Appendix  B).  The  numerical  integration  of  (23)  is 
straightforward  but  tedious.  Figure  C.  3  shows  M/p  D  as  a  function  of  time. 

It  remains  to  fix  the  parameter  pQ0  in  terms  of  some  measurable  quantity. 
Consider  a  value  M  *  0. I  at  a  time  t  *  I  yoar.  Reeding  from  Figure  C.3, 
it  can  be  seen  that  this  implies 

Po0  a  .63  *n  units  of  microns”^ 

S  6.3  x  10^  in  units  of  cm"2,  (75) 


At  time  t  *  1  year  for  D  *  46  the  cutoff  radius  (Figure  B.l,  Appendix  B) 
is  about  0,75p>.  whence  the  "average"  radius  will  be 

^=0'jVO(.-“)rar  (26) 

O 

and  the  average  volume  of  the  residual  particles  must  be 


(t« 


I) 


0.75 


0 


u (r, t=l 

"Tib™ 


2) 


r3  dr 


(27) 


It  is  probably  reasonable  to  assume  the  residual  distribution  is  fairly 
strongly  "peaked,"  whence  close  to  the  cutoff 

r3  >  (f2)3/2  >  (?)3  (28) 


For  purposes  of  illustration,  suppose  that,  for  rcutoff 

r  5  0.6p 

(^),/2  s  0.65p 
(r3)  ''  s  0.7u. 


0.75P. 


(29) 


The  total  residual  volume  of  material  in  the  unit  cylinder  required  to 
produce  an  effect  M  ■  0. 1  at  time  t  ■  1  year  will  evidently  be 


V(t-l)  (0.7)3  po0*  6.4  >  10‘5  cm3  (30) 


The  total  initial  volume  of  material  needed  to  leave  the  above  residue 
will,  of  course .  be 


V(:*Q) 


r3 


dr 


(30 


c 


(_iL)  VS.  TIME 
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Assuming  the  log-normai  distribution  of  particle  sizes  ( r ) ,  one  easily 

obtains  the  volume  of  material  needed  to  produce  M  *  .1  in  a  vertical 
tube  of  cross-section  I  cm2,  assuming  r0  =  lp,  and  a  =  0.69. 

4TTrQ3  £  s 

V(t=0)  ^  exp^  0  J  p0D  £  2.25  x  10*3  cm  of  material  (32) 


The  ratio  of  the  two  volumes  for  rQ  =  ly,  is: 

*  2-85  x  I0*2  (33) 

For  the  other  two  cases,  r0  =  2wt  and  r0  =  5p.»  the  appropriate  multiply- 

ing  factors  for  (32)  are  8  and  125.  Thus:  if  the  initial  polydisperse 
part-cle-S'ze  distribution  is  as  given,  the  node!  pred  ictVthaf roughly 

IL  JnTf  6  0n9,^®,  ma ter i a !  would  remain  in  the  stratosphere  at 
the  end  of  one  year.  The  volume  of  the  residual  dust  actual !y  contribut inn 
to  the  scattering  loss  (at  time  t  l)  is  only  6.4  x  1 0*5  cm^per  cm^  o^  9 
area  which  amounts  tc  only  .36  lonJ  or  .08?  mi3  over  the  entire  earth 
If  the  original  dispersoid  contained  a  substantial  fraction  (by  volume) 
of  very  sm.ll  part  cle  siZeS,  it  is  possible  that  very  noUceable  Static 
of  dust.""9  '  th°  injection  of  cooperatively  modest  quantities 


To  summarize:  Figure  C.4  shows  ej  as  a  function  of  M,  which  can  be 
determined  from  equation  (23)  in  general,  or  read  from  Figure  C.3  for  the 
specific  case  calculated  in  Appendix  B  and  a  specific  cnoice  of  po0.  The 
other  components  of  the  earth's  thermal  balance  are  given  by  equations  (7, 

8,  9)  ; n  terms  of  the  unknown  proportionality  constant  X(ei).  A  heuristic 
argument  was  presented  which  suggested  that  X(e,)  might  he  roughly  constant 
and  equal  to  about  0.96;  however,  the  choice  is  critical  if  any  conclusions 
are  to  be  drawn  about  the  atmospheric  water  cycle  (evaporaiion/prvcipi tation) 
and  the  subject  deserves  a  deeper  and  more  rigorous  analysis. 
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APPENDIX  D 

A  MODEL  FOR  SYNERGISTIC  INTERACTIONS 


1 .  JJltrffiflvuaiflQ, 

Consider  a  generalized  population  and  two  biologically  active  "agents" 
A,  B.  If  the  net  effect  on  the  population  of  the  two  agents  acting  together 
is  not  a  simple  sum  of  their  separate  effects,  then  their  joint  action  is 
said  to  be  svnerq i st ic.  The  case  where  the  two  agents  A;  B  mutually  en¬ 
hance  each  other,  is  called  potent  jat ion.  The  reverse  case,  mutual  inhi¬ 
bition,  is  called  de-potentiation. v  lr  i^rder  to  make  the  above  definition 
precise  enough  to  use  in  a  mathematical  model,  we  assume  that  all  (rele¬ 
vant)  syn.pfomat ic  responses  can  be  quantified  on  a  scale  of  increasing 
lethality,  by  means  of  a  one-to-one  correspondence  with  the  real  numbers 
from  <.oro  to  infinity.  Zero  might  correspond  to  "no  detectable  response," 
while  infinity  might  correspond  to  "instantaneous  death."  The  correspond¬ 
ences  in  between  can  be  fixed  by  any  convenient  set  of  criteria.  We  shall 
return  to  this  point  later. 

Of  course,  there  are  many  possible  effects  of  biologically  active 
agents  which  do  not  fit  naturally  into  such  a  framework.  Most  drugs,  for 
instance,  have  very  specific  purposes:  e.g.,  motor  depressants,  analgesics, 
narcotics,  anesthetics,  cardiac  stimulants,  analeptics,  laxatives,  antibio¬ 
tics,  etc.  However,  they  can  also  be  thought  of  secondarily  as  generalized 
physiological  "insults."  Every  drug  is,  to  some  extent,  toxic.** 

Of  course,  the  generalized  agents  A,b  need  not  be  chemical  in  nature. 
For  example,  A  might  be  ionizing  radiation  and  B  might  be  a  pathogen.  Thus, 
the  effects  of  radiation  or  disease  resistance  could  be  described  in  terms 
of  synergistic  A,B  interactions.  Or  A  may  be  one  pathogen  and  B  another.  It 
is  of  especial  interest  to  consider  the  consequences  of  multiple  insults  on 
an  ecosystem,  e.g.,  radiation,  fire,  drought  o.'  windstorm  followed  by  insect 
outbreaks  in  a  forest. 


“This  terminology  is  used  in  pharmacology  in  discussing  the  actions 
of  mixtures  of  drugs  given  together.' 

““'’The  ratio  of  the  effective  dose  (as  a  specific  antidote)  to  the  toxic 
do*e  is  defined  as  the  pharmaceutical  effectiveness.  The  higher  this  raMo, 
th*  better;  however,  the  ratio  is  seldom,  if  ever,  high  enough  to  be  abso¬ 
lutely  sale  under  all  ci rcumstances  for  every  member  o*  the  population. 
Hence,  when  some  urug  8  is  administered  as  an  antidote  for  some  other  gen¬ 
eralized  "insult,"  A--whetber  it  be  physical,  chemical  or  b:ologlcal--the 
situation  can  be  described  abstractly  as  a  case  of  svneroistic  dc-ootentia- 
t  km  fron  the  standpoint  of  over-all  lethality  to  the  population. 


-Tie. 
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2 .  Mori ;»!  for  Response  to  A  and  B.  Administered  in  Succession 

For  a  wide  variety  of  possible  agents  "A,"  it  is  reasonable  to  assume 
a  log-normal  distribution  of  responses: 

cp(X;  X,XA)dX  =  exp  ^  (in  ^j2]  d  In  X  (l 

The  variable  X  is,  of  course,  an  index  of  the  physical  response  of  the 
population  to  the  agent;  XA  represents  the  centroid  of  the  distribution 
or  responses  (i.e.,  the  value  of  X  where  it  peaks),  while  f  is  a  measure 
of  the  "spread"  of  the  distribution. 

The  assumption  (1)  is  taken  to  be  the  fundamental  one  for  present 
purposes.  However,  it  can  be  derived  in  special  cases  from  another  start¬ 
ing  point.  For  example,  suppose  "A"  is  a  substance,  such  as  a  drug  or 
toxin,  which  will  not  reproduce  itself  in  the  host.  The  concept  of  dose 
is  meaningful  in  this  case.  If  one  assumes  (a)  that  the  distribution  of 
dosages  among  the  population  is  log-normal  and  (b)  that  the  distribution 
of  responses  to  a  given  fixed  dcse  's  also  log-normal,  then  it  can  be  sho /r. 
ecsi ly  that  the  over-all  distribution  of  responses  will  be  of  the  form  (I), 
However,  we  wish  to  assume  (i)  even  when  A  is  a  seif-reproducing  pathogen 
or  pest,  whence  the  "dosage"  concept:  is  irrelevant. 

Suppose  that  some  generalized  insult  A  has  been  administered  to  the 
population,  with  a  resulting  over-all  distribution  of  symptomatic  responses 
as  in  eguation  (1),  Suppose,  further,  that  a  second  generalized  insult  B 
is  administered  subseguent ly ,  such  that  the  susceptibility  of  a  member  of 
the  population  to  B  depends  on  its  general  state  of  health,  which  is  in¬ 
dexed  by  a  characteristic  value  of  X;  i'.e.,  the  larger  X,  the  sicker  and 
mere  susceptible  to  6  the  individual  will  be. 

This  assumption  appears  reasonable  far  a  number  of  likely  A,  r;:  combi¬ 
nations  but  it  is  admittedly  not  perfectly  general.  It  is  particularly 
applicable  to  cases  where  B  is  both  ubiquitous  and  self-reproducing,  e.y,, 
an  infectious  disease  or  insect  pest,  whence  the  initial  (infective)  dose 
of  B  is  unimportant  or  even  meaningless.  It  would  also  apply  where  B  's 
not  self-reproducing,  bu  constant  or  nearly  constant  doses  are  administered 
to  the  popu lar ion. 

The  details  of  the  mechanisms  whereby  B  causes  damage  need  not  be 
specified  further.  It  is  sufficient  to  know  the  .ortality  (to  "B")  as  a 
function  of  previous  state  of  health.  Mortality  curves  are  typically  "S" 
curves,  which  can  be  interpreted  as  integrated  frequency  distributions  or 
' ' su seep t i b i I i t y"  d i s  t r i bu  t ions . 2 

If  we  assume  a  hypothetical  frequency  distribution  has  the  standard 
log-normal  form,  e.g., 

rn(*.  '.*8JdX  *  I.  1  d  Ir  X 


12) 
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the  mortality  due  to  B,  Mg(X;  T| .Xg )  will  be  given  by 

X 

Mb(X;  7],Xb)  =  J  cp (X 1 , T],XB)dX ' 
o 

”  7  "  erfGj)?  ,n  Xs) J  x  <  xb 

*  2  ['  +  erf(TvT  XB)j  X  ’  XB 

Equation  (3)  will  be  taken  as  the  "canonical"  form  for  mortality  where  X 
is  a  measure  of  previous  health  or  resistance  (rather  than  "dose,"  which 
is  the  more  familiar  independent  variable).  This  is  a  more  appropriate 
interpretation  for  situations  in  which  dose  is  irrelevant  or  undefinable, 
as  where  an  infectious  disease  or  a  pest  is  involved. 


Example:  Insect  Attacks  on  Jef frey-Ponderot a  Pine 


The  "states-of-heal th"  of  pine  trees,  defined  in  terms  of  observable 
symptoms,  have  been  related  to  ?  numerical  scale  by  a  system  s"ggested 
originally  by  F.P.  Keen3  and  since  r  fined  and  rsvised  by  Salman  and  Bong 
berg.**  By  noting  the  vendition  of  ntedles,  twigs,  top  crown  and  various 
miscellaneous  factors,  a  forester  can  place  each  tree  into  one  of  four 
"risk  classes"  as  follows: 


R.>.SR..ClflAa 


Penalty  Score 


I 

I I 

III 

IV 


0 

1-4 

5-7 

>  8 


where  the  penalties  are  assessed  according  to  the  following  scheme. 5 


Table  0-1 


Penalty  System  for  Raiinfl  High-Risk.. Irc« 

(Eastside  Ponderosa  &  Jeffrey  Pine) 

EfiOilU 

A.  Heedl e  Condition 

a.  Needle  complement  normal . . . .  0 

b.  less  than  normal  complement  through  crown.  No  con¬ 
trast  bv rween  uoper  and  lower  crown .  2 

c.  Thin  complement  in  upper  crown,  normal  in  lower 

crown.  Contrast  evident  between  upper  and  lower 
crown.. . . . .  5 
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A. 


(Continued) 


2. 


3. 


Needle  Length 

a.  Needle  length  normal . 

b.  Needles  shorter  than  normal  throughout  crown.  No 

contrast,  between  upp^r  and  lower  crown . . 

c.  Needles  short  in  top,  normal  below.  Marked  con- 

trast . . . 


a.  Normal... 

b.  Off  color 

c.  Fading... 


Pena  1  tv 

0 

2 

5 

0 

2 

8 


B.  Twig  and  Branch  Conditions 

1.  No  twigs  or  branches  dead . . .  0 

') .  A  few  scattered  dead  or  dying  twigs  or  branches  in 

crown . . . . . . .  { 

3.  Many  scattered  dead  or  dying  twig_  ;r  branches  in  crowr.  2 

4.  Dead  or  dying  twigs  or  branches  in  crown  forming  a 
definite  weak  spot  or  hole  in  crown,  notably  in  top 

' / 3  of  crown . . . .. . .  .  3 

5.  Dead  or  dying  twigs  on  branches  in  crown  forming  more 
than  ont  weak  spot  or  hole  in  crown,  notably  in  top 

1/3  of  crown... . . . .  5 


C. 


1 .  No  top  ki  1 1  ing . . . . . 

2.  Old  too  kill  with  no  progressive  weakness  or  t.illing  in 

green  crown... . . . . . . . 

3.  Old  top  kill  with  a  progressive  weakness  or  ^iiling  in 

er  crown  below.  . . . . 

4.  current  top  kiihrig., .  . . . . 

5.  Broken  top--recen t ,  less  than  1/3 . . . 

6.  Broken  top”  recent,  more  than  l  3 . . . 

7.  Broken  tc\v-c!d.  No  progressive  weakness . 


0 

2 

5 

8 

5 

8 

2 


o.  Other  Fat  tor, 5 

1.  Lightning  s tr  i  kes- ’recent ly  struck,  no  healing  ev.dert.  8 

-••healed  strike . . .  2 

2.  Dendroc tonus  valens  attacks  in  base --cur rent  successful  6 

“-oid  pi tched  out. . .  2 

The  following  factors  nave  iocai  significance  and  will  vary 
by  area.  We  have  little  information  on  their  importance, 
and  the  marker  should  weight  these  in  light  of  his  local  ob¬ 
servation  and  experience. 

3.  Mistletoe 

4.  N;edle  scale  (various  species) 

5.  Needle  blight  (Elvtroderma  dg firmans) 

6.  Rust  (£ LPQALlimP  *P.) 
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The  penalty  score  above  r.iay  be  '■aken  to  correspond  crudely  with  the 
response  variable  X.  The  distribution  of  green  trees  in  the  various  risk 
groups  has  been  determined  for  a  sample  of  18,056  trees  in  the  Lasser,  and 
Modoc  National  Forests,  as  follows. 6 


Table  0-2 

Tree  Mortality  bv  Risk  Class 


R  i  sk 

%  of 

Number 

K i 1  led 
by 

%  of 

R  i  sk 

Number 

Ifll&JL 

Insects 

ClftS.5 

i 

12,184 

67.5 

16 

.  13 

1 1 

3,865 

21.4 

71 

.70 

1 1 1 

1,099 

6.1 

43 

:>.9i 

IV 

90S 

5.0 

178 

19.71 

18,056 

264 

One  can  work  backwards  at  this  point  and  postulate  a  sirtgie  general¬ 
ized  imaginary  toxic  substance  which  produces  the  foregoing  observed  dis¬ 
tribution  o(X)  of  responses."  Thus 

pX  i  J(  |  ^  .  2-i 

<  cp (X ) dX  =  — L-  !  exd  -  JL/ln  l  )  ,  M  =  0.675  (XA<1 )  (<*' 
V  X  /2TT  «  2X2\  Xa/  J  X 

X2 

r 

j  cp(X )dX  =  .  .  .  =  0.214  (5) 

X| 

rX3 

1  cp(X)dX  «  0.061  (6^ 

4. 


In  addition  to  the  above  three  independent  conditions  one  can  arbitrarily 
specify  any  ck  of  the  points  Xj,  X2 ,  (thereby  eliminating  multiplica* 
t i ve  scale  factors).  Hence,  let  X|  •  1. 

Making  the  usual  chanqe  of  variables 

w  -  «/U  .  2)  In  (X/XA)  (7) 


'Alternatively,  the  agon*  A  can  be  thought  c.f  in  this  case  as  :’the 
stress  of  ordinary  life. 


The  integral  conditions  become: 


x  A 


/TT  J 


-  In  XA 

-w2  . 
e  w  dw 


1  + 


er 


{■A  ,n  xa]  * 


0.675 


(8) 


(9) 


I7?0n  X3  -  in  XA) 

Tv!  e‘w2dw  88  2  (,n  X3  “  ,n  Xa)] 

“jOn  X2  -  In  XA) 

-  \  erfj^j  (In  X2  “  In  XA)]  -  O.CkSI  (10) 

These  relations  simplify  to 


-  In  XA  *  0.321  (II) 

In  X2  *  0.542  (12) 

-L  In  X,  »  0.842  0  3) 

\A  5 

One  more  independent  relation  is  needed  to  determine  the  unknowns. 

We  have  thus  (implicitly)  determined  the  parameters  of  the  log¬ 
normal  distribution  cp  of  the  (tree)  population  among  "states  of  health"  X. 
The  'text  step  is  to  find  the  mortality  due  to  "8"  as  a  function  of  the 
same  variable.  In  the  present  case  "B"  represents  attacks  by  insect 
pests,  although  it  might  be  any  of  a  variety  of  Insults.  According  to 
our  model,  the  mortality  as  a  function  of  X  must  be  of  the  form  (3), 
since  "susceptibility"  is  assumed  to  be  given  by  a  log-normal  function. 
Hence  joint  mortality  due  to  "A"  and  ‘‘8"  together  is  given  by 
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MAB  =  '*  ^X;  X»XA>  »(*'>  T1.Xb)  dX 
o 

■2D  -  erf(ck ’•>$] 

■  ur' +  er<ck 5s )] 

where 

c  -  w  os) 

The  data  in  Table  D-2  imply 

mab  =  }['  '•  erf(-c^  ln  5^)j  =  °-0146  <l6) 

which  reduces  to 

C/2  ,n^=  K542  °7) 

which  is  analogous  to  (11-13).  These  four  relations  can  be  thought  of 
os  fixing  four  of  the  six  parameters,  for  given  values  of  the  other  two. 

In  principle,  one  can  alio  extract  two  more  equations  from  the  data 
in  Table  D-2,  thereby  determining  the  parameters  completely.  In  prac¬ 
tice  this  procedure  would  certainly  be  unwarranted  since  (a)  the  data 
is  not  as  unambiguous  as  one  might  wish,*  and  (b)  it  would  lead  to  in¬ 
consistencies  unless  nature  conforms  exactly  with  the  model.  It  is  more 
illuminating  to  under-u t  i  I  i  ze  the  available  data  and  present  some  cf  the 
results  in  functional  form. 

For  instance,  suppose  the  "dose'1  of  agent  A  is  increased  such  that 
the  median  point  is  raised  to  X ^  ,  but  the  dispersion  X  (which  is 
basically  a  characteristic  of  the  population)  remains  unchanged.  This 
could  occur,  for  instance,  if  some  new  environmental  insult,  such  as  a 
orought  or  radiation  field,  were  added  to  the  already  existing  hazards 
of  existence.  Once  the  scale  of  physiological  responses  is  related  by  a 
known  one-to-one  correspondence  to  a  numerical  scale,  in  a  manner  analo¬ 
gous  to  the  foregoing  discussion  of  risk  classes,  the  numerical  value  of 
X'a  can  be  determined  by  a  simple  census  of  the  fraction  of  the  perturoed 
population  in  each  class. 


XA  <  X, 


XD  <  X, 


(14) 


^The  cla  ssification  procedure  depends  on  human  judgment,  which  of 
course  raises  questions  about  the  handling  of  borderline  cases,  e.g.,  by 
different  observers. 
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Since  X  remains  unchanged  by  assumption,  and  so  also  does  Tj,  it 
follows  that  C  is  unaltered  ana  can  be  determined  in  terms  of  the  old 
vaiues  of  Xg,  X^.  Hence,  substituting  (17)  in  (14)  we  obtain 


mAB 


erf  1.542  (  I  -  ,n  Xb/Xa  ,)J 


with  the  convention  that  erf(-u)  =  -  erfu.The  arou^er. l  1 


(18) 
x'a/xa  n 

In  Xg/Xft  *  4 


is  plotted  as  a  function  of  X'a/Xa  for  various  values  of  XB/Xa  in 
Figure  D.2.  The  joint  mortality  M^g  as  a  numerical  function  of  Q  i s 
shown  in  Figure  0.3.  The  form  of  the  curve  is  exactly  what  one  would 
expect  on  the  basis  of  qualitative  arguments.  It  is  interesting  to 
analyze  the  curves  in  terms  of  the  question:  for  a  (given)  value  of 
XB/XA  what  must  X'a/Xa  be  to  achieve  a  specified  joint  mortality? 


!!m 

_ 

.05 

0.77 

.10 

0.60 

.20 

0.39 

.50 

0.00 

In  the  case  of  MAg  *  .50  we  note  inwediately  thet  the  requirement  is 
X'a/Xa  3  XB/XA.  Other  choices  are  plotted  in  Figure  0.4. 
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FIGURE  0.2 

Q  AS  A  FUNCTION  OF  XE  AND  X'A 
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FIGURE  D.4 
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VALUES  OF  X‘A/XA  RESULTING  IN  GIVEN  DEGREES 
OF  MORTALITY  FOR  VARIOUS  VALUES  OF  XB/XA 
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APPENDIX  E 

NATURAL  ANALOGS  OF  NUCLEAR  ATTACK 


The  purpose  of  this  section  is  to  present  in  one  place  data  on  various 
large-scale  natural  disturbances  in  order  to  make  possible  some  meaningful 
comparisons  with  thermonuclear  weapons.  The  simplest  parameter  which  can 
be  used  for  this  purpose  is  total  energy  release.  We  shall  supplement  this 
with  a  discussion  of  the  partition  of  energy  into  different  channels,  e.g. 
seismic  waves,  water  waves,  air  wives,  heat  and  convection,  etc.  Much  of 
the  Jiscussion  is  incomplete,  reflecting  lack  of  da^a,  trustworthy  theory, 
or  both.  However,  the  results  should  be  of  sufficient  interest  to  outweigh 
the  obvious  shortcomings. 


that 


For  simplicity  we  shall  measure  energy  in  units  of  megatons,  noting 

1  MT  *  10^5  calories  *  4.186  x  1022  ergs. 


No  emphasis  has  been  attached  to  casualties  or  damage  done  by  the 
catastrophes  listed  hereafter,  since  this  is  largely  fortuitous.  As  a 
matter  of  interest  we  might  mention  that  the  Chinese  earthquake  of  1558 
was  probably  the  most  destructive  single  event,  with  b30,000  estimated 
dead.  The  Tokyo-Yokohama  earthquake  of  1923  probably  comes  second,  with 
311,564  persons  killed  (mostly  by  fires)  or  missing.  Another  Chinese 
earthquake  in  Kansu  province,  December  16,  1920,  killed  about  200,000, 
mostly  due  to  landslides  and  floods.  Many  other  earthquakes  have  taken 
huge  tolls  including  Lisbon  (1955).  Chile  (I960),  etc. 


Volcanoes  come  next  in  destructiveness.  Tho  eruption  of  Vesuvius  In 
79  A.D.  which  buried  Pompeii  and  Herculaneum  was  one  well-known  example. 
The  eruption  of  Asamayama  (1783)  in  Japan  probably  killed  the  most  people, 
followed  by  Tomboro  (1815)  which  took  56,000  lives,  Krakatoa  (36,000), 

Mt.  Pelee  (30, and  others. 


Storms  also  have  occasionally  taken  many  thousands  of  lives,  espe¬ 
cial  y  in  Bengal  and  Assam  (India)  but  this  is  except ional .  There  are 
no  knjwn  fatalities  attributable  to  m_*teor  ’  m-;..  Forest  fires  have  not 
produced  many  casualties  as  a  rule  except  wnere  towns  have  been  caught 
in  the  path,  as  Peshtigo,  Wisconsin  was  In  1871.  City  fiies  have  been 
extreme lv  destructive,  of  course.  The  incendiary  attack  on  Dresden  cost 
an  estimated  135.000  lives,  which  was  exceeded  only  by  the  Tokyo- Yokohama 
f  i  res  of  1923. 
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Table  E-1 

Earthquakes 


Location 

Date 

Magni¬ 

tude 

(M) 

Fau  1 1 
Length 
(km) 

Enerc 

(mt! 

iy 

1  Tsunam 

Wei -Ho  Val ley,  China! 

Feb.  2,  1556 

9  (?  )* 

_ 

6500 

No 

Colombi a-Ecuador 

Jan.  31 ,  1906 

8.9 

-- 

5000 

Yes 

Sanriku,  Japan 

Mar.  3,  1933 

8.9 

-- 

5CC0 

Yes 

Portugal -Morocco  (Lisbon) 

Nov.  1,  1775 

8.75  (?) 

750  (?) 

3500 

Yes 

Assam,  India 

Aug.  15,  1950 

8.6 

-- 

2000 

-- 

Assam,  India 

June  12,  1897 

8.6 

— 

20C0 

— 

Yakutat,  Alaska 

Sept. 10,  1899 

8.6 

150 

2000 

Yes 

(6  faults)** 

Concepcion,  Chile 

May  22,  I960 

8.5 

1200 

1500 

Yes 

Mino-Owarl,  Japan 

Oct.  28,  1891 

8.4 

450 

1000 

(3  faults 

) 

Kwanto  (Tokyo-Yokohama) , 

Japan 

Sept.  1,  1923 

8.3 

800 

Yes 

San  Francisco,  California 

Apr.  18,  1906 

8.25 

420 

700 

New  Madrid,  Missouri 

Dec.  16,  1811 

8.K?) 

250 

400 

No 

These  M  values  come  mostly 

from  Richter 

(1958). ^  Magnitudes 

quoted 

in  the 

literature  disagree  considerably.  We  have  chosen  those  propounded  most  fre¬ 
quently  or  with  most  emphasis.  Note  that  elsewhere3  Sanriku  has  been  given 
a  magnitude  of  8.3  and  Colcmbia-Ecuador  as  8.6,  even  though  the  magnitude 
(M)  is  supposed  to  be  a  measured  quantity  which  can  be  determined  exactly 
(in  principle)  from  se 1 smographi c  measurements.  The  difficulties  of  making 
such  measurements  and  the  ambiguities  inherent  in  normalizing  them  to  a 
common  standard  are  probably  more  than  sufficient  to  explain  occasional  dis¬ 
crepancies  of  +  10%.  Unfortunately,  the  energy  released  by  an  earthquake  is 
usually  assured  to  depend  logarithmically  on  the  magnitude,  e.g., 

log10  E  -  a  +  0  M-C 


(?) 


Again,  difterent  authorities  prefer  widely  varying  choices  for  cv  and  3, 
based  on  different  estimates  of  the  amount  of  strain  energy  released  by  a 
seismic  event  of  magnitude  8.  A  brief  search  of  the  literature  quickly  un 
covered  the  following  choices: 


a 


12 

11.8 

11.4 

13 


JL 


1.8(4J 

'•5  g 
1.5  6 
1.5(7) 


^Greatest  loss  of  life  from  any  earthquake  (830,000  dead).  Covered  a 
large  area,  most  of  3  provinces:  Shensi,  Shansi,  and  Honan. 

**Greatest  vertical  displacement  (50  feet)  ever  recorded. 

***C  =  log ,q  (4.186  x  1022)  =  22.62.  Thi  s  factor  arises  from  convert¬ 
ing  ergs  to  Mrs. 
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It  is  obvious  that  the  range  of  errors  for  the  energy  values  given 
are  rather  large--probably  at  least  an  order  of  magnitude.  One  diffi¬ 
culty  is  that  earthquake  energy  is  almost  certainly  a  linear  function  of 
fault  length  L  since  there  is  a  limit  to  the  amount  of  stra In-energy 
which  can  be  contained  in  a  given  volume  of  rock.  For  example,  the  ap¬ 
proximate  relation 

E  «  . 78L 

was  obtained  uy  a  least-squares  fit  of  magnitude  vs.  fault  length  data 
in  which  there  was  a  lot  of  scatter. 8  Magnitude,  on  the  other  hand,  de¬ 
pends  not  only  on  L  but  on  focal  depth  0,  on  the  elastic  propei ties  of 
the  strata,  and  the  "coupling"  between  neighboring  blocks  of  the  earth's 
crust.  The  latter  could  very  well  be  the  big  uncertainty.  Rather  than 
measuring  the  amplitude  of  the  first  ground-wave  received  by  the  seismo¬ 
graph,  it  might  be  better  to  integrate  the  intensity  of  all  signals  re¬ 
ceived  over  a  finite  time  interval.  This  would  seem  to  be  a  mcrc  accurate 
measure  of  the  "perceived  magnitude"  of  the  shock  and  might  be  a  wore  re- 
liable  guide  to  the  energy  involved. 

The  above  remarks  may  illumine  a  difficulty  which  seems  to  arise  when 
earthquakes  are  compared  to  underground  nuclear  explosions.  For  such  deto¬ 
nations,  only  about  half  the  energ/  yield  takes  tb**  form  of  blast  and  *hock: 
the  remainder  is  heat  and  radiation,  both  of  which  remain  confined  near  the 
ground  zero.  Peak  acceleration  of  the  ground  seems  to  scale  as 

.00014  gF^2*  d“2 

where  g  is  the  normal  acceleration  of  gravity,  E  is  the  yield  in  MT's,  and 
d  is  the  distance  in  km  from  the  epicenter. °  Even  an  energy  yield  of  102* 
would  produce  only  abGut  1/700  g  peak  acceleration  at  a  distance  of  10  km. 
According  to  one  Nevada  experiment  (RAINIER),  1.7  KT  underground  burst 
^ith  of  its  energy  going  into  blast  and  shock  waves  is  equivalent  to  wn 
earthquake  of  magnitude  4.07  which  would  be  consistent  with  an  assumed 
strain  energy  release  of  10*9  ergs  or  about  .25  KT.  On  the  other  hand, 
a  seismic  disturbance  of  magnitude  4  should  be  perceptible  to  observers 
at  a  distance  of  about  100  km,  whereas  RAINIER  itself  was  detected  by  only 
a  few  people  at  a  distance  of  about  4  km  where  the  measured  peak  accelera¬ 
tion  was  .02  g.  Thus  there  is  evidence  that  either  nuclear  explosions  pro¬ 
duce  ground  shocks  o*  an  altogether  different  pattern  from  earthquakes,  or 
else  that  the  a.tuat  energy  released  fey  earthquakes  has  hitherto  been  under¬ 
estimated.  In  view  of  the  apparent  difficulties  of  distinguishing  seismic 
waves  frero  the  two  sources  (ergo  Project  VELA),  the  latter  seems  not  un¬ 
likely.  To  bring  the  energy  figures  Into  rough  coincidence  for  magnitude  4, 
one  must  multiply  the  earthquake  figure  by  about  3.5.  Even  so,  it  is  dif¬ 
ficult  to  reconcile  the  apparent  differences  »n  perceptibility,  which  are 
hard  to  explain  unless  underground  bursts  dump  proportionately  much  lass 
energy  into  long-wavts  and  more  into  the  initial  pulse. 


Imaaau 

Tsunamis  are  water  waves  occurring  In  conjunction  with  earthquakes 
and  probably  arising  rrom  sudden  displacements  aluog  fault  lines,  or  as¬ 
sociated  mudslides  underwater. 
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Tsunamis  are  classified  m  »  -1,  0, 
to  a  wave  about  100  feet  (30m. )  high, 
the  enp.rical  relation 


1, 

In 


— 4  where  m  =  4  corresponds 
terms  of  magnitudes  lic'a*®  finds 


m  =  2.61  H  -  18.44 


whereas  Wilson**  prefers 


m  ■*  2M  “  13.5. 

The  proportion  of  seismic  energy  converted  into  tsunami  energy  is 
the  subject  of  considerable  disagreement.  I  i da  estimates  10%,  but  others 
believe  the  figure  is  much  smaller.  Wilson's  preferred  estimate  is 

Et  *  .0063  E 

which  implies  a  rather  small  coupling  (or  a  rather  considerable  phase  "mis¬ 
match")  between  the  earth  movements  and  the  water.  The  height  of  the  tsunami 
wave  (at  the  shore  line)  seems  to  vary  logarithmically  with  m,*2 

log jq  H  -  0.375  m 

Some  large  tsunamis  are  listed  be«ow. 


Table  E-2 

IswQinis 

Iffiatian _ SaiESS _ _ Dais _ _ M  H(Meters) 


Kanchataka* 

Kurile  trench? 

Oct.  6, 

1737 

... 

65 

Merak,  Java 

Krakatoa 

1883 

■»  wm 

42 

Sanr iku 

Tuscorora  deep 

June  1 5 » 

1896 

-- 

30 

Sanr iku 

Tuscorora  deep 

Mar.  3, 

1933 

8.9 

23 

Lisbon 

Offshore  mudslides? 

Nov.  1, 

1775 

8.751?) 

16 

Chile 

Offshore  muds! ides 

May  22, 

19*0 

8.5 

-- 

Kamchataka 

Kuri'e  trench 

Nov.  4, 

1952 

8.4 

-- 

Kau  1 

A  leut  ians 

Apr.  1, 

1946 

-- 

16 

Since  observations  of  wave  height  are  made  cn  shore  at  varying  distances 
from  the  focal  point  of  the  disturbance,  along  coasts  of  varying  config¬ 
urations,  the  observed  heights  are  not  accurate  measures  of  the  energy  of 
the  initial  disturbance. 


#This  seems  to  f  ve  been  the  highest  on  record. 
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VOLCAI'OES 


Volcanic  eruptions  occur  with  varying  degrees  of  explosiveness.  The 
>  iast  explosive  variety,  typified  by  Mauna  Loa  on  Hawaii,  has  almost 
nothing  in  common  with  thermonuclear  explosions.  Large  quantities  of 
lava  simply  pour  out  of  the  mountain  from  time  to  time  and  gradually 
solidify  on  the  slopes. 

The  most  explosive  type,  as  illustrated  by  Krakatoa,  produces  blast 
effects  and  fallout  analogous  to  nuclear  weapons.  Insofar  as  the  media-" 
nism  leading  to  an  eruption  is  currently  understood,  the  difference  be- 
fweer  the  two  types  seems  to  originate  in  th^  composition  of  the  magmatic 
material.  As  the  liqcid  magma  rises  toward  the  surface  it  begins  to  cool, 
and  crystallization  begins.  Some  of  the  more  volatile  components  (CO,  CO2, 

H2,  H20,  H;,S,  etc.)  hitherto  held  in  solutVn  may  be  trapped  t.i  the  crystal 
structure.  However,  the  excess  ir  forced  out  of  solution  and  the  magma  be¬ 
comes  charged  with  gas  under  hi  uh  pressure  which  provides  the  motive  force 
for  the  eruption.  If  the  excess  volatile  component  is  small  the  lava  will 
simply  flow,  but  with  a  higher  percentage  of  compressed  gas  present,  the 
cohesive  forces  of  the  magma  will  be  overcome  and  the  result  is  an  explo¬ 
sive  release  of  pressure.  It.  is  noteworthy  that  the  index  of  "explosive¬ 
ness"  te;ids  to  be  similar  for  a  given  volcano  at  different  times  and  also 
for  different  volcanoes  in  the  same  region.  This  is  consistent  with  the 
trQory  since  nearby  volcanoes  may  be  tapping  common  underground  sources 
of  magma.  The  most  exp  1  os ive  volcanoes  are  those  in  Indonesia  (Krakatoa, 

Tom boro / ,  Japan  (Asamayama,  Sakuraj ima) ,  and  Central  America  (Coseguina, 

Santa  Maria,  etc.). *4 

The  total  heat  enere.y  released  by  an  eruption  depends  only  on  the 
cubic  volume  of  matter  expeMed  and  its  original  temperature  and  heat 
capacity.  However,  the  exclos ive  component  depends  on  the  fraction  of 
volatile  substances  originally  held  In  solution.  There  is  almost  noway 
to  obtain  this  for  a  given  case,  although  laboratory  experiments  suggest 
that  4-5%  of  volatile  substances  is  .-bout  the  dividing  line  and  some 
kinds  of  magma  may  hold  up  to  10-15%  volatile  components  in  solution 
until  crystallization  beginsJS  The  remainder  of  the  explosive  impulse 
arises  from  heat  given  up  by  finely  divided  aerosols  or  droplets  of  magma 
which  cocl  suddenly  end  adiabatically.  This  Is  the  source  of  volcanic 
"ash." 

The  explosive  energy,  not  tne  totas  heat  energy,  in  each  of  the  cases 
in  Table  E-3  could  probably  be  very  crudely  estimated  from  either  the 
heign*.  of  the  column  of  smoke  or  the  distance  at  which  the  detonations 
were  heard  If  the  energy  release  were  Instantaneous.  They  would  then  be 
compared  with  Krakatoa  (the  most  explosive  case).  According  to  a  detailed 
calculation,  quo  to  W.  8rcwn*  *  the  total  heat  energy  released  was  prob¬ 
ably  in  the  range  11*32  ki Iomega tons,  while  the  explosive  contribution  was 
probably  In  the  range  o'  or  5-15  KMT  s .  The  remainder  dissipates 

more  siowly.  If  the  efficiency  of  transfering  energy  to  the  atmorphere  is 
similar  to  that  of  0  meteorite,  then  indeed  Krakatoa  appears  to  have  been 
5  to  15  times  more  powerfd  than  rne  great  Siberian  meteorite  of  1908  (see 
METEORITES),  co*is'S*ent  with  the  observations  of  Whipple*?  and  Astapowi tsch. *8 
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Table  E“3 

yalcanatf.* 


Volcano,  Date 

Length 
of  Time 

Est. 
Vol. 
Cu.M  i . 

Area  Covered 
by  Ashes 

Sq.  Mi. 

Max.  Alt. 
of  Smoke 
Column ,  M i . 

Max.  Dist. 
Heard,  Mi. 

Tomboro,  Soembawa 
Apr.  11-12,  1815 

2  days 

28a 

-depth  of  2 1  at 
850  mi .  d 1st. 

72  hrs.  dark¬ 
ness  at  300  mi. 

*  “ 

Krakatoa,  Sunda 
Straits 

Aug.  26,  1883 

2  days 

5 

~50  mi . d 

>2,900 

Agung,  Bali 

Mar.  17,  1963 

•  m 

33  mi.c 

«  — 

Asamayama,  Japan 
17&3 

-  '' 

48  villages 
bur  ied 

-  • 

-  - 

Sakurajima,  Japan 
Jan.  12,  1914 

2  days 

*  • 

6  m  i . 

(obi ique) 

—  — 

Katmai,  Alaska 

Juno  6,  1912 

Apparent¬ 
ly  instan¬ 
taneous 

5 

-depth  of  1 'at 
100  ml ,  dist. 
-60  hrs.  dark¬ 
ness  at  100 
mi.  dist. 

•  • 

>  750 

Cosegu i na , 

N  icaragua 

Jan.  20,  1835 

3  days 

13d 

-sev.  in,  at  500 
mi .  dist. 

-43  hrs.  darkness 

>1 , 100 

Santa  Maria, 
Guatemala 

Oct.  24,  1902 

-1 

125,000 

18  mi . 

>  500 

Skaptar  Joku  1 1 , 
Iceland® 

June  8,  1783 

3  days  of 
gas  &  ash, 
then  lava 

•  «• 

-all  of  Iceland 
&  surrounding 
sea. 

>>-100,000  crop 
acres  affected 
in  Norway 

* 

aEst  imate  from  Roy.  Soc.  Rept,  on  Krukatna.^  Another  estimate  gives  the 
figure  as  50  cu,  mi. 20  Tomboro  was  probably  the  greatest  eruption  of  historic 
t  imes. 

^The  main  fine  oust  cloud  seems  to  have  peaked  at  21  mi  les,  hut  the  column 
of  smoke  and  ash  following  the  most  violent  explosion  was  apparently  niqher. 

‘•Altitude  "»ea su reuen* s  ‘tade  /.i  northern  hemisph're  (MacDonald  Observatory, 
Texas ) . 2  I 

d£ > t  estates  range  from  U  cu.  *•  * .  to  60  v u .  i .  The  e>t  iriate  oi  I  ?  was 
made  by  Rectus  (1891)  and  used  by  Sapper*?  in  his  study  of  volcanic  explosive* 
n-.’S  s . 

‘‘Greatest  lava  flow  in  hiMotv,  eS  t  i  sated  as  the  egrivatent  of  Hr  B'.trn. 

t 

i><  a  hot  1 1  v  u . 
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Actually  the  ctsnparison  is  not  easy  to  make  since  Krakatoa  (tike 
most  volcanoes)  did  not  blow  up  all  at  once.  Explosions  were  seemingly 
more  or  less  continuous,  punctuated  by  a  few  louder  bangs.  Sound  waves 
from  successive  detonations  Interfered  so  that  no  well-def ined  pulse 
could  be  identified  and  analyzed  (e.g.,  by  Scorer's  technique?**).  Com** 
parisons  with  nuclear  explosions  are  also  considerably  complicated  by 
the  fact  that  titanic  eruptions  are  typically  spread  out  in  time,  al¬ 
though  Katmai  i..y  nave  been  exceptional  in  this  regard.  It  is  difficult 
to  estimate  how  much  of  the  total  energy  released  can  be  attributed  to 
the  two  or  three  single  greatest  btasts.  If  Indeed,  the  largest  indi¬ 
vidual  explosion  comprised  as  little  as  10%  of  the  total  energy  (500- 
1500  MT's)  for  Krakatoa,  then  it  is  just  barely  possible  to  reconcile 
its  apparent  magnitude  as  compared  to  that  of  the  Siberian  meteorite. 
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METEORITES 


There  is  no  doubt  but  that  the  impact  of  a  large  meteorite  comes 
closest  of  all  natural  events  to  simulating  the  blast  effects  of  a  thermo¬ 
nuclear  explosion,  although  there  are  many  important  differences.  If  the 
meteor i tic  material  could  be  collected  and  weighed,  and  the  trajectory  de¬ 
termined,  it  would  be  possible  to  calculate  the  exact  energy  of  the  origi¬ 
nal  object.  In  practice,  matters  are  not  so  simple,  since  the  composition 
of  the  original  body  is  unknown,  and  its  trajectory  can  only  be  inferred 
by  the  angle  of  collision  with  the  ground.  Frozen  methane,  CO2 ,  ice  and 
other  volatile  materials  such  as  might  be  associated  with  cornets,  for  ex¬ 
ample,  would,  of  course,  leave  no  trace  of  their  existence.  Velocity  of 
passage  through  the  atmosphere  could  only  be  known  accurately  if  observed 
by  radar  or  astronomical  telescopes.  Hence,  for  the  vast  majority  of  me¬ 
teoric  events,  including  all  the  large  ones  of  interest,  it  is  only  pos¬ 
sible  to  give  a  range,  namely  from  about  7  to  45  miles  per  second,  depend¬ 
ing  on  whether  the  meteorite  moving  at  roughly  26  miles  per  second  relative 
to  the  sun,  overtakes  the  earth  (moving  at  18.5  miles  per  second  in  its  or¬ 
bit),  or  collides  frontally  with  it.  The  average  velocity  of  observed  me¬ 
teorites  is  10  mi les  per  second,  reflecting  the  fact  that  most  of  the  swarms 
are  moving  around  the  sun  in  the  same  direction  as  the  earth,  hence  most 
collisions  are  of  the  overtaking  variety. 

The  best  evidence  for  inferring  total  energy  release  is,  in  moot  cases, 
the  crater.  This  evidence  is  indirect,  of  course,  and  estimates  depend 
upon  theoretical  considerations  which  involve  the  entire  complex  process, 
including  the  collision,  vaporization  and  recondensation  of  meteoric  mate¬ 
rial,  production  and  dissipation  of  shock  waves,  plastic  deformation  of  the 
surrounding  rock  strata,  shatter-cone  and  coesite  formation,  etc."'  It  is 
felt  that  these  processes  are  now  at  least  qualitatively  understood  and 
most  of  the  peculiar  desiderata  of  high  velocity  impacts  can  be  reproduced 
on  a  small  scale  in  the  laboratory.  One  of  the  most  important  points  on 
which  our  inferences  will  rest  is  the  fact  that  at  extremely  high  veloci¬ 
ties,  the  resulting  crater  formation  is  quite  independent  of  the  structure 
of  the  target.  Actually,  the  material  near  the  impact  point  behaves  very 
much  as  though  it  were  a  fluid  or  a  pile  of  loose  dust.  This  is  because 
the  instantaneous  pressures  generated  by  the  shock  waves  (from  tens  of 
thousands  to  millions  of  atmospheres)  simply  overwhelm  all  macroscopic 
cohesive  forces  and  each  particle  moves  independently. 

Erosion  and  sedimentation  soon  fill  in  most  meteorite  craters  so  the 
only  reliable  evidence  which  remains  visible  after  the  passage  of  long 
times  is  the  crater  diameter,  which  can  be  determined  by  observation  of 


■’•Shat  ter -cones  are  unique  structures  in  limestone,  sandstone  or 
other  conglomerates  formed  by  strong  shock  deformations  originating  at 
a  point.  Coesite  is  a  crystalline  form  of  silicon  (analogous  to  the 
diamond  form  of  carbon)  formed  only  by  pressures  exceeding  20,000  atmos- 
pheres--which  would  normally  occur  only  at  depths  exceeding  40  mi les. 25 
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the  deformed  strata.  In  recent  years  many  craters  of  meieoric  origin 
have  been  identified  first  from  aerial  photographs  and  subsequently  con¬ 
firmed  in  other  ways  by  the  presence  of  shatter-cones,  coesite,  or  nickel- 
iron  fragments. 

At  least  39  large  fossil  craters  have  now  been  identified  in  one  or 
more  of  these  ways,  and  a  number  of  others  are  in  the  "possible"  category. 
In  the  following  table,  diameters  are  "apparent"  diameters,  disregard?^ 
the  "lip"  of  the  crater.  Energies  are  extrapolat'd  from  the  nomogram  in 
Effects  of  Nuclear  Weapons. 26  which  relates  yield  to  crater  diameter  as¬ 
suming  that  the  semi-empi r ical  relation 

E  =  R*0/3 

holds  true,  where  E  is  the  energy  yield  and  R  is  the  crater  radius. 


Table  E-4 
Meteorite  Craters 

Apparent  Crater 


Crater  Location 

Diameter  (feet) 

Probable  Energy 

Vredefort, Transvaal,  S.  Afr ice 

160,000 

2,500,000* 

Rles  Kessel,  Germany 

90,000 

540,000 

New  Quebec,  Canada 

11,500 

1,200 

Podkamennaya-Tunguska,  Siberia 

(see  next  page) 

1,000 

Jalemzane,  Algeria** 

5,800 

120 

Canyon  Diablo,  Arizona 

4,000 

36*** 

Wolf  Creek,  Australia 

2,800 

12 

Boxhole,  Australia 

575 

0.12 

Odessa,  Texas 

Numerous  smaller  craters 

560 

0.1 

*Dietz^  estimates  1,500,000  MT  but  gives  no  theoretical  basis  for 
the  estimate.  However,  in  view  of  the  uncertainties,  his  estimate  and 
ours  are  extremely  close, 

**Not  a  confirmed  meteor  crater. 

***0letz  estimates  5  MT,  Mouiton,28  and  subsequently  Wylie, 29  esti¬ 
mated  a  velocity  of  impact  between  7"14  mps.  Nininger3*  estimated  a  mass 
of  )0&  tons.  Assuming  10  mps,  the  energy  released  would  have  been  about 
3  x  1022  ergs  or  less  than  1  hT.  (t  must  be  remembered  that  the  evidence 
is  extremely  tenuous  at  best  and  other  estimates  of  the  mass  of  the  Canyon 
Diablo  meteorite  rsn$ >  from  12,0003$  to  4  000,000  tonsl32  At  50  mps,  * 
4,000,000-ton  mass  wou*d  yield  about  3,000  MT,  whereas  a  I 2, 000- ton  body 
at  7  mps  would  yield  only  200  <T.  Our  36"*T  estimate  Is  close  to  the  go- 
metrical  mean  of  these  two  extremes. 
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Several  other  interesting  meteoric  events  have  taken  place  which  do 
not  fit  into  the  above  scheme,  since  no  single  crater  defines  the  impact. 
For  example,  one  might  include  the  famous  "Carolina  Bays/'  Campo  uel  Cieio 
(Argentina),  Henbury  (Australia),  and  the  rwo  famous  Siberian  meteors 
(Tunguska,  1908,  end  Sikhote-AI in,  1947)  and  Mt.  Kenya  (Kenya,  E.  Africa, 
194©^. 

The  Tunguska  meteor  of  June  30,  1908,  has  aroused  great  interest  be- 
cause  it  does  not  seem  to  fit  the  expected  pattern.  In  particular,  no 
large  craters  were  found  when  the  site  was  investigated  (the  largest  was 
about  150  feet  in  diameter,  although  trees  were  knocked  down  in  large  num¬ 
bers  at  a  distance  of  300,000  feet  from  the  impact  point.  The  sound  was 
heard  at  a  distance  of  2,000  miles.  Extrapolating  from  CMW  this  kind  of 
damage  woutd  be  expected  to  accompany  a  1000-MT  sus ''ace  burst.*  The  most 
detailed  analysis  made  to  date, 3°  using  data  collected  by  Whipp?e37  and 
Astapowitsch3°  from  about  a  dozen  independent  microbarographic  measure¬ 
ments,  and  comparing  with  detailed  calculations,  led  to  an  estimate  of 
4  x  10^4  ergs,  or  100  MT  as  the  energy  communicated  to  the  atmosphere. 
Scorer's  calculation  is  consistent  with  the  1000-MT  estimate  assuming 
10%  of  the  total  energy  went  into  atmospheric  waves.  The  above  is  also 
consistent  with  Astapowitsch's  comparisons  if  we  replace  his  crude  esti¬ 
mate  of  the  energy  of  the  Krakatoa  explosion  by  our  own  (see  VOLCANOES). 


,vThe  range  of  error  here  is  targe,  unfor tunate ly .  The  data  would 
not  be  violently  inconsistent  with  an  estimate  of  only  100  MT's.  However, 
Wyett33  also  accepts  the  1000-MT  figure,  and  argues  that  the  best  hypothe¬ 
sis  covering  all  known  aspects  of  the  Tunguska  event  »*  that  the  “meteor" 
was  actually  a  small  lump  of  anti -mat ter.  If  this  were  the  case,  then  the 
explosion  would  have  been  jjtl  of  thermonuclear  origin.  Some  very 
slight  confirmation  exists  in  the  form  cf  recent  contradictory  reports  of 
the  existence  o*  an  abnormal  amount  of  background  radiation  in  the  area. 34 
A  recent  article  by*  Cowan,  Libby  and  Atiuri  hav  reopened  tN>  -i  isccssion.  3$ 


STORMS 


Storms  release  their  energy  so  slowly  In  comparison  with  nuclear  ex¬ 
plosions  that  their  effects  are  quite  dissimilar.  The  greatest  storms  are 
of  the  hurricane  type.*  Although  there  is  reason  to  believe  that  storms 
in  the  western  Pacific  occasionally  reach  greater  magnitudes.  Table  fc~5» 
adapted  from  a  list  compiled  by  the  Hydrometeoro log  leal  Section  of  the 
U.S.  Weather  8ureau,39  indicates  the  orders  of  magnitudes  involved.  Years 
covered  are  1,900-1950. 

The  energy  figures  were  calculated  by  fitting  the  storm  isobars  at 
sea  level  to  both  visually  drawn  and  exponential  pressure  profiles,  and 
taking  up  the  mean.  The  deviations  between  the  two  types  of  calculations 
range  up  to  about  25%  in  some  cases,  but  the  means  are  probably  accurate 
to  about  10%  or  so.  See  Figure  E.l,  For  simplicity,  the  storm  is  assumed 
to  extend  vertically  to  the  top  of  the  atmosphere,  the  kinetic  energy  in 
each  layer  being  simply  proportional  tc  the  atmospheric  density. 

During  its  lifetime  a  hurricane  will,  of  course,  dissipate  much  more 
energy  than  is  present  in  the  cyclostropic  winds  at  any  given  moment.  The 
source  of  energy  is,  of  course,  originally  heat  f^cm  the  sun  which  has 
warmed  large  expanses  of  water  to  the  point  that  "norm*!"  transport  pro¬ 
cesses  cannot  get  rid  of  the  excess  energy  as  fast  as  it  i>  being  accumu¬ 
lated  in  the  tropical  oceans.  Hence  some  turbulent  heat  transfer  mechanism 
is  naeded  to  speed  up  the  process  and  maintain  over-all  equilibrium  between 
the  tropics  and  the  arctic  regions.  The  mechanism  is,  roughly,  that  a 
large  heated  air  mass  rises,  crcatinq  a  low-pressure  region.  Neighboring 
air  rushes  in  to  fill  the  "vacuum,"  but,  because  of  the  Cor>oii$  effect 
produced  by  the  earth's  rotation,  a  circular  wind  pattern  is  set  up  bal¬ 
ancing  a  pressure  gradient  against  centrifugal  forces.  The  moving  air 
transports  energy  very  rapidly  by  creating  waves  and  tides,  and  by  evap¬ 
orating  and  lifting  large  quantities  of  water  vapor,  much  of  which  is 
carried  away  to  condense  and  release  its  latent  heat  elsewhere,  thus 
rapidly  equalizing  the  imbalance  by  cooling  the  tropical  oceans  and  warm¬ 
ing  the  temperate  latitudes. 

Total  energy  dissipated  is  herd  to  estimate;  it  depends  on  the  dissi¬ 
pation  rate  (proportional  to  instantaneous  kinetic  energy  end  tc  some  ef¬ 
fective  "viscosity"  which  would  require  a  separate  and  highly  uncartaln 
calculation)  and  on  the  hurricane  lifetime,  which  is  typically  a  week  or 
ten  days. 


also  as  Cyclones  (India),  Willy-willy's  (Philippine*)  and 
Typhoons  (Japan). 
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Table  E“5 
Storms 

Kinetic 

Energy  ir  Kinetic 

a  Cylinder  Energy 

50  M « .  in  in 

Radius  to  Cylinder 
Radius  Velocity  Min.  the  Top  of  100  Mi. 

of  F.ax.  of  Max.  Central  the  in 

Winds  Winds  Pressure  Atmosphere  Radius 


Place 

Date 

Mi. 

mph. 

Inches 

MT 

MT 

Santa  Ger¬ 
trud  is,  Tex. 

Aug.  !8, 
1916 

35 

116 

28.00 

65.02 

177.92 

Hatteros,  N.C. 

Sept.  14, 
1944 

49 

113 

27.88 

56.32 

188  J6 

Key  West,  Fla. 

Oct,  20, 
1926 

2! 

n? 

27.52 

54.08 

157.32 

Brownsvi 1 le, 
Tex. 

Sept.  5, 
1933 

30 

105 

,’8.02 

53.25 

164.48 

Miami,  Fla. 

Sept.  18, 
<926 

24 

110 

27.59 

52.80 

151.04 

Savannah,  Ga. 

Aug .  II, 
1940 

26 

77 

28.78 

48.70 

«•  m 

New  Orleans, 

La. 

Sept.  29, 
1915 

29 

106 

27.87 

47.36 

154.88 

Hi  1 lsboro, 

Fla. 

Sept.  17, 
1947 

19 

102 

27.76 

44.86 

W  m 

West  Palm 
Beech,  Fla. 

Aug.  26, 
1949 

22 

99 

28.16 

43,52 

«• 

Long  Key, 

Fla.* 

Sept.  2, 
1935 

6 

»37 

26.35 

43.39 

•* 

Long  Kay, 

Fla, 

Sept.  28, 
1929 

28 

98 

28.18 

43.07 

*  •» 

Homestead, 

Fla. 

Sapt.  i 1 . 
1945 

12 

*9 

28.09 

41.22 

*  • 

Galveston, 

Tax. 

Sapt.  8, 
1900 

14 

104 

27.64 

39,42 

•  m 

*Lo*«t»t  highest  wind  speed  tvsr  recorded  in  U.S. 
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FIRES 


Large  historic  fires  provide  some  useful  background  for  making  com¬ 
parisons  with  fires  ignited  by  nuclear  weapons.  Also,  the  smoke  produced 
by  large  fires  is  in  some  ways  analogous  to  fallout. 

The  energy  released  into  the  atmosphere  by  fires  is  small  compared  to 
other  natural  events--about  4  x  10^  calorie?*  per  ton  of  fuel  per  acre.  As¬ 
suming  an  average  fuel  density  of  20  tons  per  acre,  this  amounts  to  8  x  10l° 
calories  (per  acre  or  about  50  KT/mi2).  Thus  the  total  energy  released  by 
the  greatest  forest  fire  in  the  history  of  the  U.S,  (Michigan-Wi scons  in, 
October  1871)  was  about  300  MT. 

The  energy  calculations  are  made  on  the  basis  of  20  tons/acre.  This 
is  extremely  crude, and  common  sense  immediately  suggests  that  the  Tilla¬ 
mook  fire  (virgin  Douglas  Fir)  probably  burned  much  more  fuel  than  typical 
fires  in  logged  areas.  However,  the  complexities  are  such  that  better  es¬ 
timates  do  not  seem  to  be  available  at  present. 

There  have  probably  been  some  larger  fires  in  other  parts  of  the 
world.  In  particular,  there  have  been  some  tremendous  forest  fires  in 
Siberia  for  which,  however,  have  little  information. 

The  smoke  accompanying  forest  fires  does  not  seem  to  have  attracted 
much  attention  to  date,  except  insofar  as  it  helps  or  hinders  detection 
of  forest  fires.  However,  most  people  wi'l  recall  days  with  very  hazy 
<.?ues  attributable  to  distant  fires.  Stonier1*0  cites  a  case  ir,  point: 
on  September  25-26,  1950,  the  insolation  (sunlight  reaching  the  ea*"th) 
in  Washington,  D.C.,  was  only  52%  of  normal  althcnqh  the  dayr  ->re 
cloudless,  as  a  consequence  of  forest  fires  in  western  Canada.  The 
smoke  pall  covered  the  eastern  seaboard  of  the  U.S.  and  stretched  as 
far  as  Europe.  Evidently  fires  are  rather  pfficient  at  producing  wide¬ 
spread  haze  in  comparison  with  other  mechanisms  (e.g,,  volcanoes).  How¬ 
ever,  little  is  knovwi  about  the  details. 

A  list  is  given  on  the  following  page  as  Table  E-6. 
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Table  E-6 
Fi  res1*1 


Area 


Oates 


Cause  of  Ignition  Area 

and  Spread  Hi.2 


Eastern  Wise. 
(Peshtigo)  & 
Central  Mich. 


Mi  rami  chi  (New 
Brunswick)  & 
Maine 


Idaho 


Ft.  Yukon, 
Alaska 

Wisconsin  & 
Hinckley,  Minn. 


Oct.  3,  187 i 

Oct.  7,  1825 

Aug.  10-21,  1910 

1950 

Aug. -Sept.,  1894 
Sept.  1,  1894 


Yacou I t-West .  Sept.  12*13,  1902 
Washington  $. 

Oregon 


E.  Michigan  Sept.  1-5,  1881 


Adirondack*.  N.Y.  Primarily  May  28- 

June  j,  1903 


Merg'ng  of  many  5900 

sma 1 1  togg ing 
fires;  long 
drought,  high 
winds 

Merging  of  many  4?00 

sma 1 1  1 ogg i ng 
fires;  long 
drought,  high 
winds 

4700 


2500-3500 

2000-3000 


1500-2000 


1500 


lightning  fires. 

Merging  of  fires  1000 

from  campers,  in¬ 
cendiaries.  Dry 
spring,  strong 
wind*. 


urging  of  many 
small  logging 
fires;  long 
Irought,  high 
tfinds 


Merging  of  many 
small  logging 
fires;  lone 
drought,  moder¬ 
ate  winds 

Merging  of  many 
sma  !  1  i ogg i ng 
fires;  long 
drought,  moder¬ 
ate  to  strong 
winds.  Over  110 
separate  large 
fires. 

Merging  of  many 
sma  1 1  logging 
ft  res;  long 
drought,  moder¬ 
ate  winds.  Some 
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Energy 

Released 

MT 

300 

240 

240 

I30-IG0 

100-150 

75-100 


75 

50 
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Table  E-6 
Fires  (Continued) 
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Area 

Dates 

Cause  of  Ignition 
and  Spread 

Area 

Mi  .2 

Energy 
Re  leased 

MT 

Tillamook.  Ore. 

Aug.  14-25,  1933 

2  ignition  points; 
long  drought..  Fire 
burned  slowly  until 
het  gale  force  winds 
on  Aug.  24-25. 

486  (420 
mi.  i  n  2  0 
hours) 

24 

Maine  (Mt. 

Desert  Isl.) 

Oct.  1957 

2  ignition  points; 
long  drought. 

375 

19 

Maine 

Oct.  21-25,  1947 

Long  drought,  many 
small  fires,  low 
humidity,  high 
winds  (50  fires 
bu  rn  i  ng ) , 

320 

16 

City  fires  of  great  extent  have  occur. ed  throughout  history.  For  ex¬ 
ample,  one  might  include  the  following: 


Table  E-7 

Q,»Iy_.Elr£a 


London^ 

Sept.  2  -4, 
1666 

Possibly  originated  with  fires 
deliberately  started  to  burn 
iowr.  plague  houses.  Dry  sum¬ 
mer.  strong  NE  wind. 

.  2 

2  mi .  area 

13,000  houses 
destroyed  (807 
of  city) 

Moscow^ 

Sept.  4- 
>9,  m2 

Russians  set  fire  to  deny  the 
city  to  Napoleon. 

30,800  houses  de¬ 
stroyed  (907.  of 
c  i  ty 

Hambu  rg,yt* 

Mev  5-7. 
1842 

Cify  wa '  :n  sta'e  of  anarchy 
during  the  fire  which  as  ted 

100  hours. 

4,219  bu i 1  dings 
destroyed  (?07 
of  city) 

Chicago^ 5 

Oct.  8* 1C, 
187 1 

wOng  urought;  hot  dry  winds. 

(Same  da,  Cj  Ptshtu,o,  4 i sc . 
forest  fire.) 

3.3  mi .2  area 
burned.  17,450 
buildings  destroyed 

Honolu  h;4^> 

jan .  15, 
1900 

Fire*  deliberately  started  to 
bun  plague  #reas  • ».  China¬ 
town:  got  out  of  control 

San  Fran- 
C  i  scoL7 

Apr.  16, 
1906 

aftermath  of  earthquake 

4  mi. ^  r o « 1  burned 

(95  of  over -a  If 

damage  was  due  to 

'i  V) 
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Table  E-7 

Li.l.y „ £i res  (Continued) 


•  7 


Location  Date _ ■Qliqia.,.ttL_FiE& 


■Eg.ten.t-  ,9.f  Maas 


Yokohama-  Sept.  1,  Aftermath  of  earthquake. 

Tokyo2*8  1923 


Hamburgh 


July  24“  Incendiary  attack  by  Royal  Air 
28,  1943  Force. 


Dresden^ 


Feb.  13“  Incendiary  attack  ty  Royal  Air 
14,  1945  Force.  Prototype  "fire  storm." 


Mar,  9,  Incendiary  attack  by  U.S,  Air 
1945  Force. 


447,128  houses  de¬ 
stroyed  (95%  of 
Yokohama,  71%  of 
Tokyo) 

5  fni.2  area  burned 
214,000  houses  and 
4,300  factories 
desert  ,cd 

6.7  mi, 2  (>25%  de¬ 
struction)  28,000 
buildings  damaged 
or  destroyed*  (80% 
of  city) 

17  mi. ^  burned 
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APPENDIX  F 

DESTRUCTIVENESS  VS.  FREQUENCY  OF  FIRES 


Assume  there  are  k  "ignition  points"  resulting  in  discrete 
fires  at  a  given  time,  and  let  f(i,k)  be  the  number  of  such  fires 
which  destroy  precisely  i  "cells"  (e.g.,  acres).  Then  the  proba¬ 
bility  that  the  next  cell  will  be  destroyed  by  a  fire  which  has 
already  destroyed  i  cells  is  taken  to  he 

i  f(i,k) 

while  the  probability  that  the  next  ceil  will  be  destroyed  by  a 
fire  which  has  thus  far  destroyed  no  cells  (i.e.,  a  new  ignition 
point  is  created)  is  taken  to  be  a  constant  or.  Since  the  total 
number  of  ignition  points,  k,  is  assumed  to  remain  constant,  each 
time  a  new  one  is  created  another  is  dropped  from  consideration. 
The  probability  that  the  fire  thus  removed  from  the  distribution 
is  one  which  has  burned  i  cells  (or  acres)  is  proportional  to  the 
number  of  such  fires,  viz.. 

f (i ,x). 


These  assumptions  determine  the  form  of  the  f(i,k)  completely 
for  large  val les  of  k,  namely 


1  im 

k - >°° 


f ( i t  k) 


where  r(z)  is  the  well-known  factorial  function.* 
of  the  distribution,  i.e.,  for  large  values  of  i, 
is  approximately  given  by 


In  the  "tai 1" 
this  function 


1  im 

i  — >» 


f(i) 


a  -  SCM 

rv‘  *  ft)  iP 


where  p  »  2 -or/  i-o. 

A  distribution  of  this  form  w« 5  first  derived  from  «  prob¬ 
ability  model  by  G.U,  Yule  (192A)  2  to  explain  the  distribution 
of  species  among  biological  genera,  ' f  one  were  to  plot  f ( I )  vs. 
i  in  the  r.ormai  way,  the  distribution  would  decrease,  from,  a  maxi¬ 
mum  at  tiie  origin,  asymptotically  towards  zero.  Of  course,  for 
finite  k,  there  is  one  largest  fir«  which  burns  an  area  iR,^,x  and 
f(i)  must  be  zero  identically  for  i  >  This  is,  of  course, 

the  interesting  region  of  the  curvt  ,  since  it  was  pointed  out  pre¬ 
viously  that  most  of  the  damage  is  done  by  a  very  *mfili  fraction 
of  the  fires.  Hence  it  is  rore  ustful  to  plot  i  vs.  f(i)  or— for 


^«3Rb5R^™S?^E53SPS^SB?£^  •  ~'**^  * 


2 
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convenience— log  i  vs.  log  f(i),  as  in  Figure  F.  1,  since  the  re¬ 
sult  will  theoretically  be  a  straight  line  with  (negative)  S'ope 
1/p.  The  two  parameters  p,A  are  easily  determined  in  principle 
by  means  of  an  empirical  plot  of  log  i  vs.  log  f(i),  assuming  the 
deta  come  reasonably  close  to  fitting  the  theoretical  curve. 


Total  number  of  fires: 

taax 

k  *  £  f  (i  ,k)  *  Ar(?)  C (p) 
i-1 

where  £(p)  is  the  Reimanr.  £* function.  ^ 


FIGURE  F.l 

FREQUENCY  OF  OCCURRENCE  OF  FIRES 
AS  A  FUNCTION  OF  DAMAGE  INDEX 


'max 


Total  number  of  rolls  (acres’  destroyed  by  fire: 


n  '  }  ***  i  f(i  .*■)  *  Ar(p)  r(p-|) 


Let 

s>**  it 


r  t  rnc  •  n  of  «» 5 fire*  which  exceed  a  given 

'MdSi  ^  j 

^  • 1  •■(!»*  [  »(i)dia^etl 


.*1 
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and  let  1]  be  the  fraction  of  all  damage  done  by  fires  greater 
than  it 

*nax 


i  f (i »k)  * 


p-2  jfP  * 


We  shall  not  reproduce  the  remainder  of  the  analysis,  which 
is  essentially  a  process  of  manipulating  numbers.  The  results, 
which  can  be  verified  directly,  are  that 

p  as  2.07 

almost  regardless  of  the  exact  values  of  Tl,  IT  and  it,  provided 
the  average  number  of  acres  per  fire  (T]/K)  is  fixed.  We  have 
tentatively  taken  this  number  to  be  34,  as  derived  from  Table 
2*7  for  the  average  of  the  years  1957*1959.  The  results  are 
not  sensitive  to  the  other  parameters,  within  reasonable  limits, 
but  it  is  obvious  that  T|  will  be  a  large  fraction,  since 


0.08  CO.08)  't0*08 

while  K  will  be  a  small  fraction,  since 

K  *  1.08  C(2.08)  it».08 

These  conclusions  are  consistent  with  the  kncwn  facts  (i.e.,  75“ 
90%  of  the  damage  is  due  to  3-7%  of  the  fires). 
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1}  abstract 

Volume  I  summarizes  current  know’ edge  of  the  effects  of  nuclear  weapon' 
on  area  targets.  Radiological  effects  are  divided  roughl,  into  three  cate* 
go'ies:  external  yradiation  from  fallout  fields;  external  6-burns  ahd  in¬ 
ternal  hazards  due  to  cycling  of  Sr-90.  Cs-13?  and  i — 1 3 1  -  Vulnerabilities 
of  different  classes  of  targets  or'biomes'^re  considered,  e.g.  vertebrae*, 
insects ,  conifer  fcrcus,  deciduous  forests,  grasslands  and  crop  lands. 
Thermal  ignition  and  probabilities  of  fire  spread  'near  various  conditions 
are  discussed  In  Chapter  II.  Chapter  Ml  is  concerned  with  Potential  meteor* 
ological  and  climatic  problems.  Chapter  IV  discusses  a  variety  of  “second* 
orc’er"  problems  such  as  epidemics,  pest  outbreaks,  floods,  aroston  and  t-co'* 
logical  changes. 

Volume  li  Is  devoted  to  an  analysis  of  the  interactions  of  these  effects 
with  postattack  recovery  problems,  perticulerly  in  connection  with  agri¬ 
culture.  The  por-iitial  conflict)  between  short-term  and  long-term  objective, 
are  st*es»ud.  A  r.cr^er  of  :*b*.c»'  It  countenwasures  are  listed  end  dittoed. 

Volunie  Ml  is  a  short  iuRsv»-y  of  the  v«hgle  >eport,  bound  separately 
for  convenience. 
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